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A variety of I3C-enriched metal carbonyl clusters (Fe3(CO)12, R U ~ ( C O ) ~ ~ ,  O S ~ ( C O ) ~ ~ ,  Rhs(C0)16, and Ir4(CO)12) have been 
examined by magic-angle spinning 13C nuclear magnetic resonance spectroscopy. The results yield both the isotropic chemical 
shifts and the principal components of the chemical shift tensor for each crystallographically distinct carbonyl site, as well 
as their spin-lattice relaxation times. With the 0.25-ppm resolution obtained at high field (8.45 T), effects from I3C-I3C 
and I3C-'O3RRh J coupling, as well as incompletely averaged 13C-1911r/1931r dipolar coupling, can be discerned. The chemical 
shift tensor components, obtained from analysis of spinning sideband intensities, are shown to be in generally good agreement 
with values previously obtained from broad-line spectra. The motionally averaged chemical shift tensor components for Fe3(CO)12, 
which is fluxional at room temperature, are shown to be consistent with a previously proposed exchange process. 

Metal carbonyl clusters, organometallic complexes containing 
two or more metal atoms surrounded by carbonyl ligands, have 
been widely investigated both as homogeneous catalysts' and as 
models for supported metal crystallite catalystk2 As part of a 
program to investigate the structures and mobilities of metal 
carbonyl clusters supported on metal oxides using 13C magic-angle 
spinning (MAS) nuclear magnetic resonance (NMR) spectros- 
copy,3 we have examined a number of clusters in the crystalline 
solid state. There have been relatively few 13C MAS NMR studies 
of rigid metal carbonyl  cluster^,^-^ although several fluxional 
clusters have been examined by Hanson and co-workers.610 A 
number of metal carbonyl complexes have also been examined 
by using broad-line techniques," providing information on the 
chemical shift anisotropy (CSA) of the carbonyl ligand. Carbonyl 
chemical shifts are found to be highly anisotropic, with anisotropy 
parameters of typically 350-450 ppm for terminal carbonyls." 
These large chemical shift anisotropies provide a sensitive probe 
for investigating motion of the carbonyl ligand both in the 
crystalline solid stateI2 and in complexes supported on metal 
oxides.I3 Unfortunately, broad-line NMR techniques can provide 
only limited information on metal carbonyl clusters, because of 
the severe overlap between resonances from each distinct carbonyl 
site. One method of obtaining high-resolution spectra without 
completely eliminating the CSA information is to perform slow 
MAS experiments, in which the spinning speed is small relative 
to the anisotropy. As first shown by Lippmaa et al.I4 and Stejskal 
et al.,Is such slow-spinning experiments yield spectra in which a 
series of spinning sidebands flank the centerband resonance (lo- 
cated at the isotropic chemical shift), with a separation equal to 
the spinning frequency. The relative intensities of the sidebands 
can be analyzed16J7 to obtain the principal components of the 
chemical shift tensor. We demonstrate in this article that slow- 
spinning MAS experiments can be used to obtain the principal 
components of the shielding tensors for all sites in a variety of 
metal carbonyl clusters. The CSA parameters we obtain are in 
generally good agreement with the earlier broad-line results. 
However, the new results allow in addition the observation of both 
crystallographic inequivalence and J-coupling effects. The 
chemical shift anisotropy parameters obtained from these ex- 
periments can be used to provide information on fluxionality in 
the solid state, as demonstrated for Fe3(C0),*. 

Experimental Section 

Chemical Aspects. All metal catbonyl complexes were obtained 
from Strem Chemicals (Newburyport, MA), with the exception 
of Fe3(CO)12, which was obtained from Aldrich (Milwaukee, WI). 
Samples were enriched in 13C by exchange with 99% 13C0 
(Monsanto Research Corporation; Miamisburg, OH). For 
o s J ( c o ) 1 2 ,  Rh6(C0)i6, and I r4(co)12 ,  which are all relatively 
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insoluble and stable to a t  least 200 OC,18 exchange was carried 
out in decahydronaphthalene at 150 OC for 24-48 h. In each case, 
the crude product was purified by recrystallization. The same 
procedure was found to cause decomposition of Fe3(C0)12 and 
R u ~ ( C O ) ~ ~ .  Thus for Fe3(C0)12, exchange was carried out in 
heptane at  room temperature for 6 days, and the product was 
purified by recrystallization from warm toluene. R u ~ ( C O ) ~ ~  was 
dissolved in heptane and exchange was carried out at 80 O C  for 
8 h, the product being recrystallized from dichloroethane. With 
the exception of Ir4(CO)12, which is insoluble at room temperature, 
each sample was examined by solution I3C N M R  to verify both 
purity and uniformity of enrichment. Overall enrichment levels 
were determined by electron impact mass spectrometry. 

NMR Spectroscopy. "C N M R  spectra were obtained on 
Fourier transform N M R  spectrometers operating at  37.8, 90.5, 
and 125.7 MHz, using home-built spectrometers that have been 
described p r e v i o ~ s l y . ' ~ ~ ~  Magic-angle spinning spectra at all field 
strengths were obtained by using home-built probes employing 
spinners of the Andrew-Beams type, with IO-mm 0.d. (3.2-kHz 
maximum spinning speed) or 7-mm 0.d. (5.5-kHz maximum 
spinning speed) rotors made of delrin. Some 90-MHz spectra were 
also obtained by using a Doty (Doty Scientific; Columbia, SC) 
probe. All spectra were obtained with 90° pulse excitation 
(typically 5-10 ps). The magic angle was set by observing the 
79Br resonance from KBr,Z1 added to each sample. Exponential 
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TABLE I: Carbon-13 Isotropic Chemical Shifts for Some Solid 
Metal Carbonyl Clusters 

compound site ppm m m  
Gi(solution)," Gi(solid),".b 

Os,(CO),, axial 182.3 (I)' 187.3 ( l ) ,  186.1 ( l ) ,  184.4 
(2), 183.9 ( l ) ,  181.0 (1) 

equatorial 170.4 ( l ) e  173.7 ( l ) ,  173.3 ( l ) ,  172.1 
( l ) ,  171.1 ( l ) ,  170.0 ( l ) ,  
167.9 (1) 

RU,(CO)~, axial 212.3 ( l ) ,  211.0 ( l ) ,  209.6 
(2), 208.7 ( l ) ,  206.4 (1) 

equatorial 199.7 (l)c*d 191.6 ( l ) ,  191.2 ( l ) ,  189.4 
(2), 187.9 ( l ) ,  186.1 (1) 

Rh6(C0)16 terminal 180.1 (3)e 179.4 ( l ) ,  180.1 ( l ) ,  181.2 
(3), 182.4 (1) 

bridging 231.5 229.9 ( l ) ,  234.1 (1) 
Ir4(C0)12 154.2.' 156 
FedCO)Iz 212.9c*d 225.5 ( l ) ,  223.8 ( l ) ,  213.5 

( l ) ,  209.7 ( l ) ,  202.9 ( l ) ,  
201.4 (1) 

a Numbers in parentheses indicate relative intensities. Estimated 
uncertainty f 0 . 5  ppm. Reference 24. Exchange-averaged. 
eReference 30. fReference 32. 

apodization (10 Hz) was applied to the free induction decays for 
sensitivity enhancement, and the digital resolution was typically 
2 Hz/point. Spin-lattice relaxation times were measured by using 
the saturating comb saturation-recovery method, rather than by 
inversion-recovery, to avoid the necessity of waiting for complete 
relaxation between repetitions.22 Chemical shifts are reported 
in ppm from TMS with adamantane as an external chemical shift 
reference, the methine resonance being assigned a chemical shift 
of 29.50 The principal components of the chemical shift 
tensor, 6,,, 622, and 633, were obtained from spinning sideband 
intensities by using the graphical method of Herzfeld and Berger.I7 
The isotropic chemical shift, 6i, the shielding anisotropy, A6, and 
the asymmetry parameter, 7, are defined by 

6i = y3(611 + 622 + 633)  

As = 6 3 3  - 1/2(611 + 622) 

622 - 611 

633 - 4 
7 = -  

where we have used the convention that 1633 - hil I 

Results and Discussion 
O S ~ ( C O ) ~ ~ .  We show in Figure 1A the I3C MAS N M R  

spectrum obtained for 60% 13C-enriched O S ~ ( C O ) ~ ~  at 38 MHz. 
At this field strength, the 350-ppm chemical shift anisotropy of 
the carbonyl ligands results in a spectrum that extends over a range 
of 15 kHz. Thus, when spinning at  3 kHz, six sets of spinning 
sidebands are obtained. The centerband resonances, which are 
located by changing the spinning speed and identifying the peaks 
whose positions are invariant, are indicated. Two distinct cen- 
terband resonances are observed, arising from the two carbonyl 
environments in this cluster: equatorial carbonyls, which lie in 
the Os3 plane, and axial carbonyls, which are normal to it. Despite 
the 12-ppm separation between these resonances, they were not 
resolved in previous broad-line spectra." As shown in Figure lB, 
closer inspection of the centerband resonances reveals a large 
amount of fine structure, as previously noted? which arises from 
the effects of symmetry lowering in the solid state. While 
O S ~ ( C O ) ~ ~  possesses D3h point symmetry in s o l ~ t i o n , ~ ~ , ~ ~  it crys- 
tallizes in a monoclinic lattice containing O S ~ ( C O ) , ~  units devoid 
of symmetry.26 Thus, although all six axial carbonyls and all 
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Figure 1. Carbon-13 MAS N M R  spectra of [13C]Os3(CO)12. (A) 
Spectrum obtained at 38 MHz; 3.0-kHz spinning speed, 80 acquisitions 
with a 500-s recycle delay. (B) Expanded view showing centerband fine 
structure. ( C )  Expanded view of centerband resonances from a spectrum 
obtained at 90 MHz; 2.8-kHz spinning speed, 80 acquisitions with a 
500-s recycle delay. 

six equatorial carbonyls are equivalent in solution, they are in- 
equivalent in the solid state, so that a maximum of 12 resonances 
may be observed. While not all of these sites can be clearly 
resolved at  38 MHz (see Figure lB), we find a dramatic im- 
provement in resolution at  90 MHz, as shown in Figure lC,  
allowing 10 of the 12 resonances to be resolved. The isotropic 
chemical shifts for all peaks are listed in Table I. Our values 
are in general agreement with those of Hasselbring et a1.: although 
they are uniformly more shielded by approximately 0.5 ppm. 

An interesting effect evident in Figure 1C is the significant 
difference between the line widths of the axial (high frequency) 
and equatorial (low frequency) carbonyl resonances, which are 
40 and 25 Hz (full width at  half-height, fwhh), respectively, a t  
90 MHz. We attribute this difference to unresolved I3C-l3C J 
coupling. It is known that 2Jcc coupling constants for carbonyls 
that are trans across a metal atom are much larger than those 
of carbonyls with a cis orientation, with typical values being 
2Jcc(trans) - 30-35 Hz2' and 2Jcc(cis) - 1-5 Hz.~* Thus for 
the axial carbonyls, which are all trans to another axial carbonyl, 
each resonance should consist of a doublet with 2Jcc - 33 Hz 
from the 60% of the isotopomers having a I3C in the trans position 
and a singlet from the 40% having a I2C in the trans position. This 
coupling cannot be observed in solution, where all the axial 
carbonyls are equivalent, but is made observable in the solid state 
by their inequivalence. This observation of 2Jcc(trans) is the first 
direct evidence that the high-frequency (downfield) resonance@) 
in O S ~ ( C O ) ~ ~  are indeed due to the axial carbonyls. Although 
it has been observed for derivatives of O S ~ ( C O ) ~ ~  that an axial 
carbonyl resonates at lower field than an equatorial carbonyl on 
the same osmium center:' there is no information present in the 
solution spectrum of O S ~ ( C O ) ~ ~  to allow an assignment of the two 
 resonance^.^^,^^ 

From the relative intensities of the spinning sidebands in the 
spectrum of Figure lA, we can obtain the principal components 

(26) Corey, E. R.; Dahl, L. F. Inorg. Chem. 1962, l 9  521. 
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? TABLE 11: Principal Components, Anisotropies, and Asymmetry 
Parameters of the Carbon-13 Chemical Shift Tensor for Some Metal 
Carbonvl Clusters 

61, 611," 622," A6," 
compound site ppm ppm ppm ppm ppm 7 

O S ~ ( C O ) ~ ~  axial 186 313 304 -59 367 0.04 
equatorial 171 289 289 -64 353 0.00 
static* 176 292 292 -55 347 0.00 

equatorial 189 330 312 -74 395 0.07 
static* 201 348 319 -63 397 0.11 

Rh6(C0)16 terminal 181 320 299 -76 386 0.08 
static* 180 315 305 -80 390 0.04 
bridging 230 301 292 97 199 0.07 
staticb 231 296 296 102 194 0.00 

staticb 167 277 277 -53 330 0.00 

R u ~ ( C O ) ~ ~  axial 210 346 338 -54 396 0.03 

I rdCOh 156 274 274 -81 355 0.00 

Fe3(C0) 12 203 342 322 -54 386 0.08 
210 344 328 -42 378 0.06 
213 348 311 -20 350 0.16 
225 328 321 26 298 0.04 

staticb 212 325 316 -6 327 0.04 

OEstimated uncertainty f 1 0  ppm. *Reference 11; uncertainties are 
f 1 5  ppm in principal components and f 3 0  ppm in anisotropies. 

TABLE III: Carbon-13 Spin-Lattice Relaxation Times for Some 
Solid Metal Carbonyl Clusters' 

compound site Tt,b s 
os3(co)I2 axial 413 

equatorial 432 
Rh6(C0)16 terminal 520 

bridging 880 
FedCO) 12 all 96 

'Measured at room temperature at 38 MHz, using the saturating 
comb saturation-recovery method. *Estimated uncertainty *lo%. 

of the chemical shift tensor for each site. However, close inspection 
of this spectrum reveals that the fine structure evident in the 
centerbands is repeated exactly in each sideband, indicating that 
all six axial carbonyl sites and all six equatorial sites have identical 
chemical shift anisotropies and asymmetry parameters. Obser- 
vation of similar behavior in other metal carbonyl clusters (vide 
infra) indicates that sites that are different due only to crystal- 
lographic inequivalence, as opposed to those that are inequivalent 
in solution, have virtually identical CSA parameters. We list in 
Table I1 the principal components of the chemical shift tensor 
for one representative axial site and one equatorial site for Os3- 
(C0)12. The CSA parameters for the two sites are very similar, 
both having small asymmetry parameters and anisotropies of ca. 
370 ppm. Although these anisotropies are 5% higher than the 
347-ppm value obtained from a broad-line spectrum," the 
agreement is quite reasonable considering that only a single 
component was used to fit the latter. 

We have also measured the spin-lattice relaxation times ( T I )  
for the carbonyl sites of O S ~ ( C O ) ~ ~  at 38 MHz, using the satu- 
rating comb saturation-recovery method.22 We find Tl values of 
ca. 420 s for both axial and equatorial sites, as listed in Table 111. 
Such long 13C relaxation times are common for nonfluxional binary 
metal carbonyls,6Il1 where there are no efficient pathways for 
spin-lattice relaxation. Carbon- 13 T,'s are much shorter for metal 
carbonyl complexes containing protons, because lH-13C dipolar 
coupling provides a relatively efficient relaxation mechanism. For 
example, we find a T1 of ca. 10 s for the closely related osmium 
cluster H20s3(CO)lo and similar values for a variety of clusters 
of the form H O S ~ ( C O ) ~ ~ ( O R ) .  

R~g(C0)12. As shown in Figure 2, we observe very similar "C 
MAS N M R  spectra for Ru3(C0)12 (enriched to 74% in I3C), 
which is isostructural with O S ~ ( C O ) ~ ~ . ~ ~  As with O S ~ ( C O ) , ~ ,  two 
sets of centerband resonances are observed, attributable to axial 
and equatorial carbonyl sites. Both are split into six resonances 

w m  mom rms 
Figure 2. Carbon-13 MAS NMR spectra of [13C]Ru3(C0)12. (A) 
Spectrum obtained at 38 MHz; 2.0-kHz spinning speed, 96 acquisitions 
with a 200-s recycle delay. (B) Expanded view showing centerband fine 
structure. (C) Expanded view of centerband reSonanceS from a spectrum 
obtained at 90 MHz; 2.9-kHz spinning speed, 100 acquisitions with a 
150-s recycle delay. 

as a result of crystallographic inequivalence, producing a pattern 
very similar to that of O S ~ ( C O ) ~ ~ .  Again, we observe that the 
high-frequency group of resonances is significantly broader than 
the low-frequency group, consistent with unresolved 2Jcc(trans) 
coupling, allowing assignment of the high-frequency resonances 
to the axial carbonyls. It is interesting to note that this is the first 
time that separate resonances have been observed for R u ~ ( C O ) ~ ~ ,  
since this cluster exhibits rapid axialquator ia l  exchange in so- 
lution, down to the lowest attainable tempera t~res .~~ The average 
of the 12 resonances observed in the solid state (199.4 ppm) is 
very close to the exchange-averaged value measured in solution 
( 1  99.7 ~ p m ) . ~ ~  

We list in Table I1 the principal components of the chemical 
shift tensor for one axial and one equatorial carbonyl resonance 
of R U ~ ( C O ) ~ ~ .  As with O S ~ ( C O ) ~ ~ ,  the CSA parameters of the 
six axial and six equatorial resonances appear to be identical. The 
anisotropies we calculate for the two sites of R U ~ ( C O ) ~ ~  are in 
good agreement with the broad-line results of Gleeson and 
Vaughan," despite the fact that they analyzed their spectrum as 
arising from a single site. In contrast to the static results, however, 
we find that the chemical shift tensor asymmetry parameters of 
the carbonyls in this cluster are not significantly larger than zero. 
It is likely that the apparent axial asymmetry of the static line 
shape oserved for R u ~ ( C O ) ~ ~  (9  = 0.1 1)" is actually due to the 
overlap of two axially symmetric powder patterns, from the axial 
and equatorial carbonyls. 

Rh6(C0)16.  We shown in Figure 3A the l3C MAS N M R  
spectrum of 40% 13C-enriched Rh6(C0)16 obtained at  38 MHz. 
In solution, Rh6(CO)16 possesses Oh symmetry and yields a I3C 
NMR spectrum with two resonances in a 3:l ratio. These reso- 
nances are attributed to the terminal and triply bridging ( p 3 )  
carbonyls, respe~t ive ly .~~ The chemical shifts of the two reso- 
nances differ by 50 ppm, and thus they are readily resolved in 
the MAS spectrum. The chemical shift anisotropy of the ther- 
minal sites is similar to that of the terminal carbonyls in 
OS,(CO),~,  ca. 400  ppm. However, the bridging carbonyl sites 
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I3C N M R  of Metal Carbonyls 

Q P 

&bridging) I1 i 

D 
1 " " I " "  

185 180 

PPM FROM TMS 

Figure 3. Carbon-13 MAS NMR spectra of ["C]Rh6(C0)16. (A) 
Spectrum obtained at 38 MHz; 3.1-kHz spinning speed, 64 acquisitions 
with a 900-9 recycle delay. (B) Expanded view of terminal carbonyl 
centerband region from a spectrum obtained at 90 MHz; 3.1-kHz spin- 
ning speed, 104 acquisitions with a 500-s recycle delay. (C, D) Simu- 
lation of (B) using four sets of doublets (J  = 70 Hz) in a 1:3:1:1 ratio. 

have an anisotropy of only 200 ppm" and thus yield relatively 
weak spinning sidebands at  this field strength/spinning speed 
combination. Because of this large difference in chemical shift 
anisotropies, an accurate determination of the relative intensities 
of the two sites requires that the integrals be summed over all 
spinning sidebands for each site. From the spectrum of Figure 
3A, we obtain a terminal/bridging ratio of 3.4:1, in reasonable 
agreement with the expected value of 3: 1. 

Despite the 0, point symmetry of Rh6(C0)16 in solution, the 
symmetry of the molecular units in the crystalline solid state is 
only C2?I Thus, we expect two distinct resonances from the 
bridging carbonyls and six from the terminal sites. The splitting 
of the bridging carbonyl resonance can be seen in Figure 3A, since 
it is relatively large (4.3 ppm). However, the terminal carbonyl 
resonance at  this field strength has a very complex shape (see 
Figure 4). At 90 MHz, however, the line shape can be simulated 
as shown in Figure 3B, using four sets of doublets (J = 70 Hz) 
with a relative intensity ratio of 1:1:3:1. The most intense doublet 
apparently arises from overlap of three sets of doublets. The 
splitting is due to J coupling to Io3Rh, which is 100% abundant 
and has I = In solution, the terminal carbonyl resonance is 
a doublet (IJRhc = 70 Hz), while the bridging carbonyl resonance 
is split into a quartet ( IJac  = 25 Hz) from coupling to three Rh 
atoms.30 Our analysis of the terminal carbonyl resonance is 
supported by the observation that our simulation parameters 
correctly predict the observed line shapes at  three different field 
strengths, as shown in Figure 4. The 25-Hz splitting of the 
bridging carbonyl resonances is apparently too small to observe, 
although we note that these resonances are significantly broader 
than those of the terminal carbonyls (75 Hz vs. 50 Hz at 90 MHz), 
consistent with an unresolved 1:3:3:1 quartet with J = 25 Hz. 

We list in Table I1 our values for the principal components of 
the chemical shift tensor for one of the bridging carbonyl reso- 
nances of Rh6(C0)16 and for all of the terminal carbonyl reso- 
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Figure 4. Expanded views of terminal carbonyl centerband resonances 
for [13C]Rh6(C0)16 at three field strengths (top), along with simulations 
using identical parameters (bottom). 
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Figure 5. Carbon-13 MAS NMR spectra of [13C]Ir4(C0)12. (A) 
Spectrum obtained at 90 MHz; 4.0-kHz spinning speed, 100 acquisitions 
with a 60-s recycle delay. (B) Expanded view of centerband resonance. 
(C) Expanded view of centerband region from a spectrum obtained at 
125 MHz; 6.4-kHz spinning speed, 384 acquisitions with a 60-s recycle 
delay. 

nances, the latter obtained by using the intensity integrated over 
the entire terminal carbonyl region. Because of the small number 
of sidebands observed for the bridging sites a t  38 MHz, the CSA 
parameters for these sites were obtained from a 9@MHz spectrum, 
where many sidebands are observed. Our results are in excellent 
agreement with those of Gleeson and Vaughan," who were able 
to obtain CSA parameters for both bridging and terminal carbonyl 
sites by broad-line NMR, because of the large difference in their 
anisotropies. 

We have also measured I3C spin-lattice relaxation times for 
Rhb(co)16, as listed in Table 111. As for Os3(CO)l2, the Tl's for 
Rh6(C0)16 are several hundreds of seconds at 38 MHz. We find 
that the bridging carbonyl sites have a T, that is significantly 
longer than that of the terminal carbonyl sites. It is interesting 
to note that the ratio of the relaxation rates ( l / T l )  for the two 
sites (Rterminal/RtidginS = 1.7) is close to the ratio of their chemical 
shift anisotropies (A6tcminal/AL8b"dging = 1.9), which suggests that 
the larger TI  of the bridging carbonyls may be at  least partly 
attributable to their smaller chemical shift anisotropy. 

Ir4(CO)12. We show in Figure 5A the 13C MAS N M R  spec- 
trum of [13C]Ir4(C0)12, obtained at  90 MHz. In solution, Ir4- 
(CO),, has Td symmetry and thus yields a single 13C resonance. 
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The chemical shift has been reported to be 154.2 ppm in chlo- 
robenzene at  100 0C,32 the high temperature being necessary 
because of the poor solubility of this cluster. The unit cell of 
crystalline Ir4(C0)12 contains three distinct molecules, each with 
C3 symmetry, yielding 12 distinct carbonyl sites.,, Experimentally, 
as shown in Figure 5B, we observe only a single broad resonance 
(ca. 400-Hz fwhh), centered at  156 ppm for this cluster. The 
resolution is not significantly improved at  125 MHz, as shown 
in Figure 5C. We believe this poor resolution is due to dipolar 
coupling between 13C and the quadrupolar nuclides 1911r (37.3% 
abundant, I = ,/,) and Ig3Ir (62.7% abundant, I = 3/2). Although 
magic-angle spinning generally eliminates dipolar couplings, 
coupling to quadrupolar nuclei is only partially averaged, due to 
quadrupolar perturbation of the Zeeman states. This effect is 
well-known in I3C MAS studies of organic compounds, where it 
is commonly observed that carbon atoms adjacent to a nitrogen 
are broadened by incompletely averaged dipolar coupling to 14N 
(99.6% abundant, I = 1).34-37 The theory of this effect has been 
described by Zumbulyadis et al.37 The extent of the broadening 
is governed by the ratio of the Larmor frequency (uL) of the 
quadrupolar nucleus to its quadrupole coupling constant (e2qQ/h), 
the effect being most severe when uL is not much greater than 
e2qQ/h. While most of the transition metals have quadrupolar 
isotopes, this effect will only be significant when the isotopes are 
abundant and have large quadrupole moments and/or small gy- 
romagnetic ratios. On the basis of these critieria, this effect should 
be most prominent for Ir, Ta, Re, and Au and of less importance 
for Co, Mn, Cu, and Nb. It has been observed that rhenium 
carbonyl complexes such as Re2(CO)lo do indeed give severely 
broadened I3C MAS N M R  spectra,38 and previously reported 
spectra of C O ~ ( C O ) ~ ~  and C O ~ ( C O ) ~ ~ ' ~  also show abnormally broad 
resonances, although in the latter cases the situation is complicated 
by carbonyl exchange. It is important to note that this effect 
depends on the quadrupole coupling constant of the quadrupolar 
nucleus, which is the product of two terms: the nuclear quadrupole 
moment and the electric field gradient. Thus, it is strongly de- 
pendent on the symmetry of the metal sites, which affects the 
electric field gradients. For any metal site with tetrahedral or 
higher symmetry, the electric field gradient must be zero, and 
consequently no broadening should be seen. 

The principal components of the shielding tensor for Ir4(CO) 
are listed in Table 11. Our results are in agreement with the 
broad-line results of Gleeson and Vaughan," with the exception 
of 633. However, the isotropic chemical shift calculated by these 
workers (167 ppm) is too high by ca. 12 ppm. Since 6,,  and 6,, 
are generally obtained quite accurately from powder spectra, this 
most likely indicates that their 633 value is too high by 3 X 12 = 
36 ppm. Using Gleeson and Vaughan's 6 1 1  and 622 values and 
the correct 6i value of 156 ppm gives 6,, = -86 ppm, in good 
agreement with our value of -8 1 ppm. 

We show in Figure 6A the I3C MAS N M R  
spectrum of 35% I3C-enriched Fe3(C0),, obtained at 90 MHz. 
As shown by Wei and Dahl,39 in the solid state Fe3(C0)12 has 
the C, structure shown in Figure 6 ,  with two carbonyls bridging 
one of the Fe-Fe bonds. However, the solid exhibits an inversion 
disorder, with the two orientations of Figure 7 occurring with equal 
probability. As shown by Dorn et al.,799 these two orientations 
can be interconverted by a 60° rotation of the Fe3 triangle, with 
the carbonyl ligands remaining fixed in the crystal lattice. Al- 
though this rotation is slow on the X-ray diffraction time scale, 
it is fast on the N M R  time scale at room temperature, so that 

(32) Stuntz, G. F. Ph.D. Thesis, University of Illinois at Urbana- 

(33) Churchill, M. R.; Hutchinson, J .  P. Inorg. Chem. 1978, 17, 3528. 
(34) Frey, M. H.; Opella, S. J. J .  Chem. SOC., Chem. Commun. 1980,474. 
(35) Groombridge, C. J.; Harris, R. K.; Packer, K. J.; Say, B. J.; Tanner, 

(36) Naito, A,; Ganapathy, S.; McDowell, C. A. J .  Chem. Phys. 1981, 74, 
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(37) Zumbulyadis, N.; Henrichs, P. M.; Young, R. H. J .  Chem. Phys. 

(38) Henly, T.; Shapley, J. R., private communication. 
(39) Wei, C. H.; Dahl, L. F. J .  Am. Chem. SOC. 1969, 91, 1351. 

1981, 75, 1603. 

2io 200 
PPM FROM TMS 

Figure 6. Carbon-I3 MAS NMR spectra of [13C]Fe3(C0),2. (A) 
Spectrum obtdned at 38 MHz; 2.4-kHz spinning speed, 16 acquisitions 
with a 900-s recycle time. (B) Expanded view of centerband resonance. 
(C) Expanded view of centerband obtained at 90 MHz; 3.1-kHz spinning 
speed, 148 acquisitions with a 30-s recycle time. 

n 

U 

Figure 7. Structure of Fe3(C0),* showing the interconverting enan- 
tiomers. The filled circles are Fe atoms, the open circles 0 atoms, and 
the numbered circles C atoms. 

an averaged spectrum is obtained with only six distinct carbon 
resonances being observed.' This motion results in each carbonyl 
ligand alternating between two different bonding arrangements 
with respect to the Fe3 triangle, although there is only slight 
movement of the carbonyls themselves. Since the two orientations 
of Figure 7 are related by an inversion center, C1 and C3', C2 
and C4', etc., are equivalent. Thus, the exchanging pairs are C1 
and C3, C2 and C4, C5 and C7, C6 and C10, C8 and C11, and 
C9 and C12, using the numbering system of Cotton and Troup.40 

As shown in Figure 6, we observe six centerband resonances 
for Fe3(CO),,, with chemical shifts in good agreement with those 
of Dorn et aL7 It can be seen that, despite the rapid motion of 

d 

(40) Cotton, F. A.; Troup, J .  M. J .  Am. Chem. SOC. 1974, 96, 4155. 
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rameters for C8/C11 and the 213.5-ppm resonance (calculated: 
A6’ = 325 ppm, p = 0.35; found: A6’ = 350 ppm, 9 = 0.16) and 
C9/C12 and the 209.7-ppm resonance (calculated: A6’ = 387 
ppm, p = 0.13; found: As’ = 378 ppm, p = 0.06). This leaves 
the pairs C5/C7 and C6/C10 to be assigned to the resonances 
at  202.9 and 201.4 ppm. Although our calculations indicate that 
there should be significant differences between these two reso- 
nances, we are unable to obtain separate CSA parameters because 
of the overlap between them. We note, however, that the average 
values of the calculated CSA parameters of the C5/C7 and 
C6/C10 pairs (As’,, = 398 ppm, qfaV = 0.11) are in close 
agreement with those obtained for the 202.9- and 201.4-ppm 
resonances (obtained by integration over both): A6 = 386 ppm, 
p = 0.08. 

The spin-lattice relaxation times measured for Fe3(C0)12 at 
38 MHz are listed in Table 111. For all three pairs of resonances 
we find T,’s of ca. 96 s, in agreement with the value of 80 s 
reported by Hanson6 a t  15 MHz. The faster relaxation of the 
carbonyls in Fe3(C0)12 relative to those of the other clusters is 
a result of the motion of the Fe3 framework. The displacements 
of the carbonyl ligands caused by rotation of the iron triangle, 
although small, are large relative to the normal thermal dis- 
placements in nonfluxional clusters. These larger angular fluc- 
tuations, in conjunction with the large 13C chemical shift an- 
isotropy, result in more efficient spin-lattice relaxation. 

Conclusions 
The results presented above indicate, we believe, the utility of 

high field 13C MAS N M R  experiments for studying metal car- 
bonyl clusters in the crystalline solid state. With the 0.25-ppm 
resolution obtainable at 90 MHz, it is often possible to distinguish 
all crystallographically inequivalent sites, yielding information 
on solid-state symmetry. There are several factors that affect the 
resolution obtained in these experiments. As demonstrated for 
Ir4(CO)12, resonances from carbonyls bound to met.als that have 
abundant quadrupolar isotopes may be severely broadened due 
to incompletely averaged dipolar coupling between I3C and the 
quadrupolar isotopes. The level of 13C enrichment is also clearly 
important, since broadening from I3C-l3C J coupling begins to 
be significant a t  levels approaching 4040%. In general, we have 
used enrichment levels that are higher than this in order to achieve 
greater sensitivity in examining these clusters when supported on 
metal  oxide^.^ In some cases, we have observed narrower line 
widths a t  lower enrichment levels, as with the axial carbonyl 
resonances of O S ~ ( C O ) ~ ~  and R U ~ ( C O ) ~ ~ .  However, when the J 
coupling is small, as for the equatorial carbonyl resonances of these 
clusters, little improvement in the line widths is observed at low 
enrichment levels. 

Another important factor affecting resolution is the magnetic 
field strength. As demonstrated above, we consistently observe 
improvements in resolution as the field strength is increased. Some 
of this improvement is due to the decreased importance of J 
coupling relative to chemical shifts a t  higher magnetic field 
strengths. However, even for resonances that do not appear to 
be appreciably broadened by J coupling, we find significantly 
narrower line widths (in ppm) at  high field. At very high field 
strengths (90 MHz and above), however, setting of the magic angle 
becomes critical. The broadening caused by a l o  deviation from 
the magic angle is approximately 2.5% of the static line 
Assuming an anisotropy of 400 ppm, a typical static line width 
at  90 MHz is 36 kHz. Thus, an 0.1’ error in the spinning angle 
should introduce an additional 90 Hz to the line width. However, 
using the method of Frye and Maciel,zl which allows the magic 
angle to be set to within *O.O5O, we find that line widths of 25 
Hz or less can consistently be obtained at 90 MHz. 

In addition to high-resolution information, we have also shown 
that accurate chemical shift anisotropy parameters can be obtained 
from slow MAS spectra, our values being in good agreement with 
the earlier broad-line results of Gleeson and Vaughan.” The only 
cases where there are significant discrepancies between our results 

TABLE I V  Calculated Exchange-Averaged Chemical Shift Tensor 
Components, Anisotropies, and Asymmetry Parameters for Fe3(CO)12 

sites deg ppm ppm ppm ppm TI 

C1/C3 13.5 322 319 35 285 0.02 
C2/C4 21.0 322 315 40 279 0.04 
C5/C7 14.9 354 347 -78 428 0.03 
C6/C10 38.1 354 307 -38 369 0.19 
C8/Cll  49.2 354 278 -9 325 0.35 
C9/C12 32.7 354 319 -50 387 0.13 

4, a’,,, 8/11, 6‘,fr A8’, 

the Fe, triangle, the chemical shift anisotropy of the carbonyls 
is largely retained, as previously noted.” In contrast to the 
broad-line results of Gleeson and Vaughan, however, our MAS 
results allow CSA parameters to be obtained for each site, as listed 
in Table 11. We can clearly discern differences between the sites, 
with the highest frequency pair of resonances having the smallest 
anisotropies. These resonances arise from the two pairs of ex- 
changing sites involving bridging carbonyls, Le., C1 and C3 and 
C2 and C4. The small anisotropies are the result of averaging 
the ca. 450-ppm anisotropy of a terminal carbonyl with the ca. 
150-ppm anisotropy of a r2-carbonyl, yielding a resultant an- 
isotropy of approximately 300 ppm. 

It is a straightforward matter to calculate the exchange-av- 
eraged shielding tensors from the rigid-lattice tensors of the ex- 
changing carbonyls, using a two-site exchange modeL4’ We 
assume that the rigid-lattice tensors are axially symmetric, with 
the unique direction aligned along the C-O bond axis. Although 
there is little motion of the carbonyl ligands accompanying the 
movement of the Fe3 triangle, the two orientations of each carbonyl 
site do not overlap exactly.40 We thus need to know the angle 
4 formed by the C-0 bond vectors of the two interchanging 
orientations of each site, which can be readily calculated from 
the structure refinement of Cotton and Troup.@ Designating the 
rigid-lattice principal components of the two exchanging sites, 
labeled A and B, as A611 and %,, B611, the exchange-averaged 
tensor is given by 

where 

After diagonalization, the principal components of the ex- 
change-averaged tensor, designed 6ll1, 8’22, and are obtained. 
Since we have been unable to measure the rigid-lattice principal 
components for Fe3(C0)12, which requires a low-temperature 
MAS spectrum, we have instead used the values measured for 
(?S-C~H~)Fez(C0)4: A6tcrminal = 440 PPm, V = 0 and Asbridging 
= 140 ppm, p = 0.” The results based on these values are given 
in Table IV. In general, the exchange-averaged tensors are not 
axially symmetric, despite the assumption of axial symmetry for 
the rigid-lattice tensors. The asymmetry parameter is determined 
by the angle 4, with axial symmetry occurring only for 4 = n(7r/2) 
(n = 0, 1, 2, ...). Considering the uncertainty arising from the 
use of the rigid-lattice CSA of a different compound, the 
agreement is quite good. For the exchanging pairs C1/C3 and 
C2/C4, we calculate anisotropies of ca. 280 ppm and small 
asymmetry parameters, in agreement with the values measured 
for the resonances at 225.5 and 223.8 ppm (obtained by integration 
over both): A6 = 298 ppm, p = 0.04. Although the assignment 
of the other resonances is not as straightforward, there appears 
to be a close correspondence between the calculated CSA pa- 

(41) Spies, H. w. Chem. Phys. 1974, 6, 217. (42) Andrew, E. R.  Proc. Nucl. Magn. Reson. Spectrosc. 1971, 8,  1. 



1326 J .  Phys. Chem. 1989, 93, 1326-1328 

and those of Gleeson and Vaughan are for I T ~ ( C O ) ~ ~  and Fe3- 
(CO),,. As described above, the discrepancy for Ir4(CO)12 is most 
likely due to an inaccurate determination of 6,, in the broad-line 
results, this value being generally difficult to measure accurately 
at low signal-to-noise levels. For Fe3(C0)12, the overlap of six 
powder patterns with different CSA parameters produces a powder 
line shape that is particularly difficult to deconvolute. However, 
the CSA parameters for each site can be readily obtained from 
slow MAS spectra, allowing comparison of the experimental values 
with those calculated for a two-site exchange model. Slow-spinning 
MAS experiments should prove to be a valuable addition to 
fast-spinning MAS experiments in elucidating more complex 
exchange processes such as those occurring in C O ~ ( C O ) ~ ~  and 
Co4(Co) 12. 

Note Added in Proof. After submission of the article, results 
of similar experiments on O S ~ ( C O ) ~ ~  and R U ~ ( C O ) , ~  were re- 
ported.43 These results are in good agreement with those presented 
above. 
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Molecular Structure of Gaseous 1,2-Dibromocyclobutene-3,4-dione (C402Br2) As 
Determined by Electron Diffraction 
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The structure of 1,2-dibromocyclobutene-3,4-dione at 77 OC has been investigated by gas-phase electron diffraction. The 
experimental data comply with a planar molecule of C, point group symmetry. Values of the bond distances (r,) and valence 
angles (L,) with estimated 2a uncertainties are r ( C 4 )  = 1.185 (4), r(C==C) = 1.356 (14), r ( C B r - Q , )  = 1.518 (lo), r(Co-Co) 
= 1.589 (18), r(C-Br) = 1.831 (4) A, LC=C-C = 94.4 (4), LC-C-C = 85.6 (4), LC=C-Br = 133.0 (9, LCo-C-Br 
= 132.6 (7), LC,-C=O = 139.4 (18), and LC,,--C=O = 135.0 (20)". 

Introduction 
Because of interest in the features and dynamics of species 

containing cyclobutenedione moieties,' we have recently deter- 
mined bond distances, valence angles, and vibrational amplitudes 
in 1,2-dichlorocyclobutene-3,4-dione (CCB) using gas-phase 
electron diffraction.2 This investigation was also part of a research 
program on the structure of molecules with rings in which the 
conjugated chain O=C-C=C-C=O We have also 
been able to synthesize the bromine analogue of CCB, 1,2-di- 
bromocyclobutene-3,4-dione (hereafter BCB), Figure 1, and the 
results of a spectroscopic investigation of these molecules have 
been published.8 Since BCB is a new molecule whose structure 
has not been determined earlier, we thought it worthwhile to 
investigate the sensitivity of the cyclobutene-3,4-dione structure 
to the substitution of the two chlorine atoms with the larger and 
more polarizable, but less electronegative bromine atoms. We 
have therefore carried out an electron diffraction investigation 
of gaseous BCB, the results of which are the object of this article. 

Experimental Section and Data Reduction 
BCB was prepared and purified as reported earlier.8 Electron 

diffraction photographs were recorded at  77 OC with a Balzers 

( 1 )  Lunelli, B.; Busetti, V. J. Mol. Struct. 1987, 160, 287. 
(2) Hagen, K.; Hedberg, K.; Lunelli, B.; Giorgini, M. G. J .  Phys. Chem. 

(3) Hagen, K.; Hedberg, K. J .  Mol. Struct. 1978, 44, 195. 
(4) Hagen, K.; Hedberg, K. J .  Mol. Strucr. 1978, 50, 103. 
(5) Hagen, K.; Hedberg, K. J .  Chem. Phys. 1973, 59, 158. 
(6) Hagen, K.; Hedberg, K. J .  Mol. Strucr. 1978, 49, 351. 
(7) Schei. H.; Hagen, K.; Traetteberg, M.; Seip, R. J. Mol. Struct. 1980, 

(8) Lunelli, B.; Giorgini, M. G. Spectrochim. Acta 1987, 43A, 829. 

1988, 92, 4313. 

62, 121. 

Eldigraph KDG-29g10 on Kodak electron image plates. The 
electron wavelength was calibrated against benzene," and optical 
densities were measured with a Joyce Loebl microdensitometer. 
Five plates from the long (496.93 mm) and four from the short 
(248.13 mm) nozzle-to-plate distance experiments were selected 
for analysis. The data were reduced in the usual way,l2-I4 and 
a calculated backgro~nd '~  was subtracted from the data for each 
plate to yield experimental molecular intensity curves in the form 
sI,(s). The average experimental intensity curves are shown in 
Figure 2. The ranges of intensity data were 2.00 I s1A-l 5 14.50 
and 4.00 I s/A-' I 26.00, and the data interval was As = 0.25 
k'. The intensity and background data are available as sup- 
plementary material (see paragraph at end of text). Radial 
distribution (RD) curves (Figure 3)  were calculated by Fourier 
transforming the function I' (s) = sZ,,,(S)ZCZB&-'AB~' exp(-Bs2) 
with B = 0.0020 A2. Electron scattering amplitudes (f = A / $ )  
and phases (7) for all calculations were taken from tables.I6 

Structure Analysis 
The radial distribution curve for BCB is consistent with point 

group C2,, the same as that for the chlorine analogue. The ge- 
ometry of BCB can be defined uniquely by seven independent 

(9) Zeil, W.; Haase, J.; Wegrnann, L.  Z .  Instrumentenkd. 1966, 74, 84. 
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