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to zero via spin-lattice relaxation. The initial buildup rates of 
the NOE's depend only on the cross relaxation coefficients 
between the irradiated spin and the observed nuclei, and are 
thus directly related to the inverse of the sixth power of the 
proton-proton distances in the three-dimensional structure of 
the protein. 

The following are some details to be observed in the transient 
NOE's of Figures 2 and 3. At r = 0, the line corresponding to 
the geminal methylene proton with respect to the pulsed nu­
cleus has already emerged because of spin diffusion during the 
15 ms of the pulse duration. In Figure 3 the additional ap­
pearance of the methyl signal«in the T = 0 trace is a trivial 
consequence of the limited selectivity of the inversion pulse 
applied to the line y'. In both Figures 2 and 3 a line at 3.1 ppm 
grows at about the same rate as the /^-methylene signals of Met 
80. From two decoupled NOE difference spectra, where, re­
spectively, the /3 or /3' line was irradiated for spin pumping prior 
to spin decoupling during data acquisition,7'8 this resonance 
was independently assigned to the a proton of Met 80. It is seen 
that the a-proton resonance grows faster when the y' peak is 
pulsed than when the y peak is pulsed. In Figure 3 the a-proton 
resonance has already appeared at T = 25 ms, whereas it has 
not emerged until 50 ms in Figure 2. 

Corresponding transient NOE's were obtained after appli­
cation of selective inversion pulses to the resonances /3 and /3' 
(Figure 1). It was found that the a-proton line of Met 80 grows 
faster after irradiation of resonance /3' than after irradiation 
of /3. In an additional experiment the resonances y and y' were 
found to grow faster than /3 and /3' after pulse inversion of the 
Met 80 methyl line e. 

From these experiments the increased information content 
of transient NOE studies in macromolecules (Figures 2 and 
3) as compared to the more conventional steady-state experi­
ments (Figure 1) is readily apparent. While the steady-state 
NOE was able to distinguish between the /3- and 7-methylene 
protons, the transient NOE's further distinguished between 
/3 and (3' and y and y', respectively, of the axial Met 80. These 
assignments agree with those generally accepted,14 which were 
originally suggested from ring-current calculations based on 
the X-ray structure.13 The transient NOE's provided further 
information on static and dynamic aspects of the spatial ar­
rangement of Met 80 in the protein. The different growth rates 
of the a-proton line (Figures 2 and 3) clearly show that the 
protons /3' and y' are located more closely to the a proton than 
the protons /3 and 7. Since they are at higher field (Figure 1), 
the 0' and y' protons must also be closest to the heme ring 
plane. That the different local environments of the individual 
(S- and 7-methylene protons are manifested in the transient 
NOE's further shows that the rotational mobility about the 
single bonds in the side chain of Met 80 is severely limited in 
ferrocytochrome c. Finally, experiments of the type of Figures 
2 and 3 provide a convincing demonstration of spin diffusion 
pathways in proteins. Overall, the present experiments imply 
that spin diffusion in macromolecules, rather than leading 
necessarily to less specific and hence less useful NOE's,2'9 may 
through suitable use of the two-dimensional frequency-time 
space of transient NOE experiments lead to novel insights into 
the molecular structures which might not be available other­
wise. 
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Analogues of Metallic Lattices in Rhodium Carbonyl 
Cluster Chemistry. Synthesis and X-ray 
Structure of the [RhI5(M-CO)14(CO)13]

3- and 
[Rh14(M-CO)16(CO)9]

4- Anions Showing a 
Stepwise Hexagonal Close-Packed/Body-Centered 
Cubic Interconversion 

Sir: 

We have already reported the isolation and characterization 
of two members of a family of rhodium carbonyl cluster anions, 
[Rhij(CO)24H5_„]"~ (n = 2, 3), containing a metal atom 
polyhedron which is part of a hexagonal close-packed lattice.1 

These have been studied by X-ray diffraction1'2 and by NMR 
spectroscopy.3 We report here the characterization of two new 
high nuclearity rhodium clusters which show different types 
of metal atom packings. The structural relationships between 
these two new-clusters and the above Rhn species are also 
discussed. 

The mild pyrolysis OfNa2[Rh12(CO)3O] or of mixtures of 
Rh4(CO)12 and NaOH (2.5-3 OFT for every 15 Rh atoms) 
in 2-propanol under nitrogen at 80 0C for 10-20 h gives a 
mixture of brown anionic species. Separation is achieved by 
fractional precipitation of the alkali metal salts from aqueous 
solution: after precipitation of sodium salts, potassium salts 
can be obtained from which K3(diglyme)j:[Rhi5(CO)27] can 
be separated (15-20% yield) because of its insolubility in di-
glyme. Metathesis with Me4N+ and Et4N+ chlorides in 
methanol gives the corresponding crystalline salts; the 1H 
NMR spectrum of the Et4N+ salt shows the absence of metal 
hydrides. 

The Me4N+ salt has been investigated by X-ray diffraction4 

and the metallic skeleton of the [RhIs(CO)2?]3- anion is il­
lustrated schematically in Figure la, while Figure lb shows 
the metallic coordination around the central metal atom. The 
metal atom cluster may formally be derived from the polyhe­
dron of Dih symmetry, which contains that part of the hex­
agonal close-packed array found in the [RhI3(CO)24Hs.,,]"-

(n = 2, 3) cluster (Figure 2), by capping two square faces ((2, 
3, 6, 7) and (9,11,13,14) in Figure la). However, while the 
bottom part of the polyhedron follows this hexagonal close 
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Figure 1. The metal atom cluster in the [RhI5(CO)2?]3- anion with the 
surface metal-metal bonds (a) and the center to surface ones (b). Mean 
standard deviation 0.005 A. 

Figure 2. A view of the [Rh13(CO)24H5^]"- (n = 2, 3) anions. 

packing, as confirmed by the 6 + 3 coordination shown by the 
central metal atom in this half of the cluster, the upper part is 
considerably distorted because atoms 2 and 3 have moved over 
the central metal with concomitant lengthening of the 2-6 and 
3-7 distances and shortening of the 2-10 and 3-11 distances 
(broken lines). In this part of the cluster the atoms 2, 3, 6, 7, 
10, and 11 define one half of a cube which contains metal atom 
1 at the center. The essentially body-centered cubic arrange­
ment present in this half of the cluster is confirmed by the 4 + 
2 coordination of the central metal atom shown in Figure lb. 
Actually two of the six bonds in the hexagonal plane, involving 
atoms 8 and 9, are longer than the other four, the lengthening 
being ascribed to the hep —»• bcc interconversion. 

The metal-metal distances found for [Rhi5(CO)27]3_ are 
rather scattered: there are 36 normal contacts raneina from 
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Figure 3. A view of the anion [Rh|5(CO)27]3- showing the carbonyls' 
stereochemistry. 
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Figure 4. The metal atom cluster in the [RhH(CO)25]
4- anion with the 

surface metal-metal bonds (a) and the center to surface ones (b). Mean 
standard deviation 0.005 A. 

2.60 to 2.86 A (average 2.74 A), 7 intermediate contacts from 
2.90 to 3.00 A (average 2.94 A), and 5 long interactions from 
3.15 to 3.91 A. 

The complete anion is illustrated in Figure 3. There are 13 
terminal and 14 edge-bridging CO groups; all of the skeletal 
metal atoms except 15, are bonded to three carbonyls. The 13 
terminal groups are irregularly distributed: 2 are on metal atom 
15 whereas none are on atoms 2 and 3, and the remaining 
rhodium atoms each contain one terminal carbonyl. The mean 
values for the Rh-C and C-O bond lengths for terminal and 
bridging CO are 1.83, 1.17 A and 2.00, 1.19 A, respective­
ly-

In acetonitrile, fragmentation of [Rhi5(CO)27p~ occurs 
on reaction with bromide to give the [ R h ( C O h B ^ ] - and 
TRhM(CO)^l4-anions: 
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Figure 5. A view of the [Rhi4(CO)25]
4 

axis passes through atoms 1 and 5. 
anion. A fourfold crystallographic 

[Rh15(CO)2 

ceo 2040 (vw), 
1998 (s, Br), 
1850-1825-1805 
(m, br) cm -1 

+ 2Br 
MeCN 

-[Rh14(CO)25]4- + [Rh(CO)2Br2] 

J-CO I960 (s), 
1930 (sh.br), 
1805(Fn)Cm-1 

This new tetraanion has been isolated as thecrystalline E t 4 N + 

salt in nearly quantitative yield. IR spectra suggest that ad­
dition of [Rh(CO)2(MeCN)2]BF4 to an acetonitrile solution 
of [Rh 1 4 (CO) 2s] 4 - results in quantitative conversion of the 
tetranion to the starting [RhI 5 (CO) 2 7 ] 3 - trianion. 

The metallic skeleton of the [Rh1 4(CO)2S]4 - tetraanion is 
illustrated in Figure 4a, while Figure 4b shows the coordination 
around the central metal atom. The metallic polyhedron cor­
responds to an incomplete rhombic dodecahedron elongated 
along the crystallographic quaternary axis passing through 
atoms 1 and 5. Figure 4b clearly shows that this structure is 
essentially part of a body-centered cubic lattice. Of the inde­
pendent metal-metal interactions 8 are normal bonds ranging 
from 2.63 to 2.79 A (average 2.73 A), 2 are intermediate (3.00 
and 3.08 A) and 2 are long (3.33 and 3.38 A) contacts. 

The complete anion is illustrated in Figure 5. There are 9 
terminal and 16 edge-bridging CO groups, and all of the 
skeletal metal atoms, except 5, are bonded to 3 carbonyls; the 
low coordination of atom 5 is apparently compensated by the 
formation of 4 strongly asymmetric CO bridges (Rh(5)-C = 
2.30 (4) A, Rh(3)-C = 1.75 (4) A). The mean values for the 
Rh-C and C-O bond lengths for the terminal and symmetric 
edge-bridging carbonyls are 1.77, 1.19 A and 2.00, 1.18 A, 
respectively. Comparison of Figures 3 and 5 shows that the 
metal atom which is removed on passing from the Rh]5 to the 
Rh)4 anion seems to be that labeled 15 in Figure 3, i.e., the 
metal which has two terminal CO groups. The disposition of 
the carbonyl groups in the remaining part of the Rhis anion 
strictly resembles that in the Rh]4 cluster and is similar to that 
previously observed in the [Rh 1 3 (CO) 2 4 Hs-^]" - (" = 2, 3) 
anions. 

Comparison of the structures observed for the Rh 13 and 
Rh14 clusters is analogous to the transformation between hep 
and bcc lattices which is well known for many metals.6 Com­
parison of the structures of Rh13 or Rh14 with the Rhj 5 struc­
ture is analogous to surface reconstruction, which is again well 
known for a number of metals.7 Both analogies are in agree­
ment with the belief that large clusters are real models of small 

metallic crystallites covered (or poisoned) by ligands. 
Further work is in progress on these families of clusters. 
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Diel-Alder Cycloaddition of Juglone Derivatives: 
Elucidation of Factors Influencing 
Regiochemical Control 

Sir: 

In connection with studies directed toward tetracycline total 
synthesis, Inhoffen and Muxfeldt reported an interesting ob­
servation: the nature of the oxygen function in 5-hydroxy- (1) 
and 5-acetoxy-l,4-naphthoquinone (2) profoundly influenced 
the regiochemistry of the cycloaddition with 1-acetoxybuta-
diene.1 This general trend has been noted subsequently for a 
variety of diene systems by several groups, notably Birch,2 

Kelly,3 and Trost.4a 

The rationale for this effect, alluded to initially by Inhoffen 
and further developed by Birch2 and Kelly,3 revolves around 
the concept that the strong hydrogen bond known to be present 
in quinone 1 serves as an "internal Lewis acid" polarizing the 
unsaturated system and resulting in the C-4 carbonyl serving 
as the dominant director of cycloaddition. Alternatively, 
electron donation by the oxygen is considered to dominate in 
the acetate 2 (and methyl ether 6) leading to reversal of the 
regiochemical result. 

(JJ R=H 

(2) R=Ac 

(6.) R=CH 

(Ja) 

(3b) 

(jta.) 

( j ib ) 

R=R,=H; R -OAc 

R=R.=H', R =0Ac 

R=Ac; R.=H; R =0Ac 

R=Ac; R1=OAc; R2=H 

I (CH3 I3C.. , 0 . 3 

T 
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