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Figure 1. Computer drawing of the l-hydro-2,8,9-trioxa-l-phospha-5-
aza-tricyclo[3.3.3.0Jundecane cation of 1. Only the P-H hydrogen and 
one of the disordered conformations is shown. 

group ambiguity since they were intermediate between cen-
trosymmetric (Pnam) and noncentrosymmetric (Pna2\) in 
value and the presence of a heavy atom could easily give 
spurious results. 

Solution of the crystal structure was begun by routine ap­
plication of direct methods via a multiple solution weighted 
tangent formula8 scheme in the noncentrosymmetric space 
group Pna2\. All of the nonhydrogen atoms were easily lo­
cated in the first phased E synthesis and all hydrogens lo­
cated in subsequent difference F syntheses.9 Full-matrix 
least-squares refinements proceeded uneventfully to a final 
cyrstallographic residual (R) of 6.2% for the 615 observed 
reflections and 183 variables. The geometry of this model 
was very poorly behaved with chemically identical bonds 
differing by five standard deviations. The molecular consti­
tution was essentially that shown in Figure 1. 

Refinement was then attempted in space group Pnam 
(alternate setting of Pnma). It became rapidly apparent 
that a model in which the molecule sat on a mirror plane 
would not refine and models in which C(3) and C(4) were 
disordered were tried. These refined satisfactorily to an R 
of 6.5% for the 135 variables used, fractional coordinates, 
bond distances, bond angles, and observed and calculated 
structure factors for this model are given in the supplemen­
tal material to be found in the microfilm edition; see para­
graph at end of paper regarding supplementary material. A 
drawing of this model is given in Figure 1. 

The well-defined P«—N dative bond in 1 (1.986 A) is un­
doubtedly responsible for the unusual proton abstracting 
property of the bicyclic precursor. The phosphorus atom is 
clearly trigonal bipyramidal with O - P - O angles of 120°, 
O - P - N angles of 87°, and a H - P - N angle of 172°. This 
near trigonal bipyramidal symmetry of the five electron 
pairs around the phosphorus atom in 1 contrasts the relative 
instability of this electron pair configuration in: PX3-«—NR3 
adducts10 and intermediates involved in certain reactions of 
trivalent phosphorus compounds.11 The P-H bond distance 
in 1 (1.35 A) is about 0.1 A shorter than the 1.41 to 1.45 A 
realized in several phosphines and PH4+ l2 and is also 
somewhat shorter than the sum of the covalent radii (1.38 
A). It is interesting that although trigonal bipyramidal 
phosphoranes tend to orient the more electronegative sub-
stituents on the apices, molecular constraint appears to pre­
clude this possibility in 1. The similarity of the structure of 
phosphatrane 1 to that of silatranes (RSi(OCH 2CH 2 ) 3N) 1 3 

with which it is isoelectronic is noteworthy. 

The P-N bond distance found in 1 is quite comparable to 
those found in the six-coordinate systems below (1.91-1.98 
A) wherein the electronegative fluorines on the five-coordi­
nate phosphorane moiety are effective in attracting the ni­
trogen lone pair to the acidic phosphorus.14 

RF3P—O 
R = Ph, F 
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Directive Effects in the Electrophilic Substitution 
of Deltahedral Boranes and Heteroboranes. Halogenation 
of 1-SB9H9. Unusually Long 11B Spin-Lattice 
Relaxation Times 

Sir: 

There has been considerable interest in the stereochemis­
try of electrophilic substitution of closo(deltahedral) bo­
ranes1 and heteroboranes, at least in part because many 
members of this class of molecules can be termed aromatic. 
For deltahedral heteroboranes like 1,2- and l,7-C2BioHi2 

and 2,4-C2BsH7, ground-state charge distributions corre­
late nicely with the results of electrophilic halogenation.2'3 
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Figure 1. Structure and numbering convention for the thiadecaborane 
framework. 

In the case of the deltahedral borane anions B n H n 2 - and 
BioHio2- electrophilic halogenation4 does not appear to 
correlate well with predictions for sequential substitution.5 

However, interpretation of the results was complicated 
somewhat by the ease of halogenation and the difficulty of 
isomer separation.4 No evidence for the rearrangement of 
deltahedral boranes or heteroboranes during the course of 
halogenation has been presented. We report here results on 
the halogenation of 1-SBgHg which can be followed sequen­
tially and thus provide a good probe for the theory of direc­
tive effects in substitution reactions in deltahedral boranes. 
The results suggest that cage rearrangement plays a role in 
the ultimate stereochemistry of the products. We also find 
that certain B sites in these halothiaboranes manifest un­
usually long spin-lattice relaxation times (Ti). Although 
our preliminary assessment indicates that the phenomenon 
is isolated to rather specific B sites, this communication is 
in part a caveat regarding the determination of 11B NMR 
spectra, a task not usually plagued with difficulties due to 
saturation effects since relaxation is dominated by the very 
efficient quadrupolar mechanism.6'7 

In keeping with previous observations for carboranes,2'3 

one would expect that those B sites furthest removed from 
the sulfur heteroatom would be most negative and most sus­
ceptible to electrophilic substitution. This assumes that the 
course of substitution is controlled by ground-state charge 
distribution and is also not subject to rearrangement of the 
framework. Our EHMO calculations corroborate this ex­
pectation and give the following atom charges from a MuI-
liken population analysis:8 upper belt (ub) B(2,3,4,5) = 
0.2524; lower belt (lb) B(6,7,8,9) = 0.0733; axial (ax) 
B(IO) = —0.0734 (see Figure 1 for atom numbering con­
vention). 

When I-SB9H9 is treated with an equal amount of either 
I2(200 0C) or Br2 (25 0C) in a sealed tube (with or without 
aluminum halide) a mixture of IO-X-I-SB9H8 and 6-X-l-
SBgH8 results." The ratio of ax:lb substitution varies be­
tween about 2:1 and 1:1 depending on the run even though 
there is a four times greater statistical chance for lb vs. ax 
substitution. At first glance these results appear to be in ac­
cord with ground-state charge distributions; however, we 
suspect differently in view of the results of chlorination and 
isomerization experiments. 
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Table I. "B NMR Spectra of Halothiadecaboranes0 

6-M-SB9H8: -71.2, d (1), JBH = 175; 5.1, d (4) , / B H = 180; 16.8; 
d (2) , / B H = 135; 19.9,d (I)1Z8H = I3S; 24.1, s (1) 

10-M-SB9H8: -50.1, s (1); 6.7, d (4) , / B H = 185; 16.2, d (4), 
/BH = 165 

6-Br-I-SB9H8: -69.3, d (1) , /B H = 175; 3.0, d (2) , / B H = 175; 6.9, 
d ( 2 ) , / B H = 190; 10.0, s(l); 15.4, d (2) , /B H = 180; 21.3, d (1) 
JBH = 195 

10-Br-I-SB9H8: -65.6, s (1); 8.3, d (4) , / B H = 175; 18.4, d (4), 
/BH = 150 

6-CM-SB9H8: -68.7, d (1) , / B H = 175; 2.0, d (2) , / B H = 145; 
4.2, s (1); 7.0, d (2), / B H = 180; 14.6, d (2), / B H = 170; 23.2, d 
(1) , / B H = 160 

10-Cl-I-SB9H8: -73.4, s (1); 3.3, d (4), / B H = 185; 17.3, d (4), 
^BH = 160 

6,10-I2-I-SB9H,: -48.8, s (1); 5.5, d (4) , /B H = 180; 13.6, d (2), 
/ B H = 155; 15.7, d (1) , / B H = 180; 23.5, s (1) 

6,10-Br2-I-SB9H1: -64, s(l); 5.3,d (2) , / B H = 190; 7.6, d (2), 
/ B H = 175 10.4, s (1); 14.8, d (2) , / B H = 180; 20.6, d (1) , /B H = 
185 
flThe chemical shift data are given in parts per million relative to 

external Et2O-BF3 ( - values downfield) followed by a description 
of the signal (d = doublet, s = singlet), its relative intensity (in 
parentheses), and observed coupling constant given in hertz. Spectra 
were determined at 32.1 MHz in CDCl3 solution. 

When I-SB9H9 is treated with Cl2 in the manner used for 
bromination and iodination, only one isomer of chloro-1-
thiadecaborane is observed, 6-CI-I-SB9H8, the lb isomer 
not the ax isomer predicted on the basis of charge distribu­
tion! Furthermore, when heated to 200 0C, 6-Cl-I-SB9H8 
isomerizes to an approximate 1:1 mixture of ax:lb isomers. 
We have also observed that after 20 h in a sealed tube at 
200 0C the ratio of ax:lb Br-I-SB9H8 changes from 1:1 to 
2:1 and for I-1-SBgHg the ratio changes from 1.6:1 to 2:1, 
again indicating that the axial isomer is thermodynamically 
more stable. 

These observations suggest but do not prove that initial 
attack is at the lower belt and that rearrangement occurs 
during the course of iodination and bromination. Certainly, 
the reaction temperature was high enough for rearrange­
ment in the case of iodination and apparently either the 
vigor of attack by bromine or the nature of the transition 
state results in the formation of considerable axial isomer 
during bromination. 

The course of sequential halogenation also appears to be 
complicated by rearrangement. Our EHMO calcula­
tions8-12 suggest that both ax and lb isomers of Cl-I-SBgH8 
should yield 6,10-Cl2-I-SBgH? exclusively since for 6-C1-1-
SB9H8 the axial site is most negative and for 10-C1-1-
SBgH8 the lb sites are most negative. Indeed, the only di-
bromo and diiodo isomer observed in the reaction mixtures 
is the 6,10-isomer. However, no axial substitution has been 
detected in the case of the Cl2-I-SB9H8 which appears to be 
a mixture of lb isomers as isolated from the reaction mix­
ture. 

Structural assignment is based on 11B NMR spectrosco­
py (Table I). The structure of 2,2'-(l-SB9H8)2 is known10 

and allows the two doublets of relative intensity 4 in the ' 1B 
spectrum of I-SB9H914 to be assigned. The lower-field dou­
blet is due to the belt of four borons adjacent to the sulfur 
(ub) and the higher field doublet to the other belt of four 
borons (lb). In general for lb monosubstitution, the NMR 
signals for the unsubstituted ub borons displayed relatively 
little change from the corresponding region for 1-SBgHg, 
but major shifts were evident in the lb region. In all cases, 
the barycenter for the ub and lb regions was maintained 
within ±1 and ±3 ppm, respectively, of the corresponding 
signal for 1-SBgHg. The ax boron resonance is quite far 
downfield from the other signals and appeared as a doublet 
of relative intensity 1 for all lb-substituted products. For the 
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ax isomers, the 11B NMR spectra were quite simple and 
showed the expected downfield singlet15 and two upfield 
doublets of relative intensity 1:4:4. However, as previously 
alluded to, the singlet was unusually hard to detect. 

In the case of 10-X-I-SB9H8 (X = Cl, Br, I) we observe 
only two doublets of equal intensity when the 11B NMR 
spectrum is determined with a short delay (10-100 ms) be­
tween x/2 pulses. The expected low-field singlet for the hal­
ogenated B site gradually grows in as the delay time is in­
creased above 100 ms and reaches a limiting intensity (1 
relative to 4 for the two doublets) at 8-10 s.16 The intensity 
recovery for the singlet as the delay time increases follows 
first-order kinetics and was used to estimate17 T\ = 2.8, 
3.9, and 2.6 s for X = Cl, Br, I, respectively. The x, r, x/2 
pulse sequence method of Void18 was used to determine the 
much shorter Ti 's for the other B environments (ub = 10, 
14, 8 ms; and lb = 24, 22, 19 ms for X = Cl, Br, I, respec­
tively. For comparison, the 7"1'S for I-SB9H9 are ax = 34, 
ub = 21, and lb = 40 ms, respectively. The halogen has a 
decided effect on the relaxation time of the axial B site. 
This seems even more remarkable in view of the T\ results 
when the halogen is in a lb position, such as for 6-Br-1-
SB9H8 where T\ = 35 ms for the substituted boron and 
ranges from 11 to 22 ms for the other positions. 

We do not feel that this effect is related to anisotropic 
molecular reorientation. For symmetric rotors, the relaxa­
tion time of a nucleus on the symmetry axis (such as the 
axial B site of I-SB9H9) depends only on motion perpendic­
ular to that axis.19 As estimated from moments of inertia, 
such motion would give rise to longer correlation times 
(shorter T1 's) for 10-X-I-SB9H8 (X = Cl, Br, I) in compar­
ison with 1-SB9Hg. Moreover, for 6,10-Br2-I-SBgH?, where 
the symmetric-top nature of 10-Br-I-SBgH8 has been re­
moved by substitution of a second halogen on the lb, the ax-
and lb-substituted borons still manifest the same large dis­
parity in T] values. 

The antipodal position of sulfur may somewhat influence 
T\\ however, we have found no saturation effects when run­
ning the spectrum of 12-Br-I-SBnHio, the icosahedrai 
closo thiaborane with bromine substituted antipodal to the 
sulfur.20 One perhaps salient difference between the axial 
positions in 1-SB9H9 and 1-SBnHn is the coordination 
number of the deltahedral vertex, five in 1-SB9H9 and six in 
I-SB11H11. However, we have no other axially halogenated 
1-heterodecaboranes for comparison ((ax-I-BioH9)2- shows 
no saturation problems21 but perhaps the unreported (10-
X-I-PB9H8)- or (10-X-I-CB9H9)- would). 

A comparison of T\ values for 1UB and • 1B led Allerhand, 
Odom, and Moll to conclude that all contributions other 
than quadrupolar were negligible for B2H6, BsH9, and 
B(C2Hs^; it was also estimated that electric field gradients 
at boron are relatively small.6 It is our estimation that the 
electric field gradient is accidentally very small at the axial 
B site in 10-X-I-SB9H8 molecules even though this is not 
corroborated by EMHO calculations.22 

In the absence of effective quadrupolar relaxation, it is 
entirely possible that scalar relaxation, caused by spin-spin 
interaction of the axial boron and the attached halogen, is 
dominant here. Since our present experiments only show 
that Ti (effective) « T\ rather than T2 (actual) « Tx, the 
scalar mechanism cannot be established.17 

Acknowledgment. We thank the National Science Foun­
dation for partial support of this research (MPS74-0047 
AOl) and R. R. Sharp for helpful discussions. 

References and Notes 
(1) A deltahedron is a polyhedron with triangular faces. 

(2) T. F. Koetzle and W. N. Lipscomb, lnorg. Chem., 9, 2743 (1970). 
(3) D. S. Marynick and W. N. Lipscomb, J. Am. Chem. Soc, 94, 8692 

(1972). 
(4) W. H. Knoth, H. C. Miller, J. C. Sauer, J. H. Balthis, Y. T. Chia, and E. L. 

Muetterties, lnorg. Chem., 3, 159(1964). 
(5) R. Hoffman and W. N. Lipscomb, J. Chem. Phys., 37, 520 (1962). 
(6) A. Allerhand, J. D. Odom, and R. E. Moll, J. Chem. Phys., 50, 5037 

(1969). 
(7) A. R. Garber, Ph.D. Thesis, Indiana University, Bloomington, lnd., Sept 

1974. The vast majority of measured 11B spin-lattice relaxation times 
fall in the 10-100-ms range. 

(8) The method of calculation and parameterization Is discussed In ref 9. 
Bond distances and angles were average values obtained from the 
crystal structure of 2,2'-(1-SB9H8I2 (ref 10). 

(9) R. W. Rudolph and VV. R. Pretzer, lnorg. Chem., 11, 1974 (1972). 
(10) W. R. Pretzer, T. K. Hllty, and R. W. Rudolph, lnorg. Chem., 14, 2459 

(1975); W. R. Pretzer and R. W. Rudolph, J. Chem. Soc, Chem. Com-
mun., 629(1974). 

(11) Product identity was verified by mass spectrometry, 11B NMR, and ele­
mental analysis. Mixtures were separated by gas chromatography using 
a 2% OV-101/Chromasorb G column at 125-200 0C. In all cases the 
ax isomer has a longer retention time than the Ib Isomer. The more ex­
tensively halogenated molecules have even longer retention times. The 
rate of reaction is drastically lowered in the presence of a solvent ex­
cept for the gas-solid chlorination which proceeded more rapidly in 
CH2CI2. 

(12) For the halogenated molecules, B-Cl = 1.75 A with all other distances 
the same as designated in ref 8. Parameters were taken from ref 13. 

(13) L. S. Bartell, L. S. Su, and H. Yow, lnorg. Chem., 9, 1903 (1970). 
(14) W. R. Pretzer and R. W. Rudolph, J. Am. Chem. Soc, 95, 931 (1973). 
(15) The positions of singlets were verified by 11B—|'H| decoupled spectra. 
(16) Spectra were determined at 26 "C in CDCI3 solvent. 
(17) T. C. Farrar and E. D. Becker, "Pulse and Fourier Transform NMR", Ac­

ademic Press, New York, N.Y., 1971. The x/2, T, 7T/2, T, . . . sequence 
is accurate when 7", » T2 (effective). Use of the ir, x, x /2 sequence 
(ref 18) verified the accuracy of Ti obtained by the former, more rapid 
method. 

(18) R. L. Void, J. S. Waugh, M. P. Klein, and D. E. Phelps, J. Chem. Phys., 
48,3831(1968). 

(19) W. T. Huntress, Jr., Adv. Magn. Reson., 4, 1 (1970). 
(20) J. Plesek and S. Hermanek, J. Chem. Soc, Chem. Common., 127 

(1975). 
(21) R. L. Mlddaugh, lnorg. Chem., 13, 744 (1974). 
(22) The Townes and Dailey equation has been used to evaluate quadrupole 

coupling constants by assuming that the field gradient at a nucleus is 
due to the p-orbital population on that atom (see ref 23-25). Evaluation 
of the expression C = Co[PZz - (P«< + PYY)/2] for the B(10) position in 
1-SB9H9, 6-X-I-SB9H8, and 10-X-I-SB9H8, using EHMO estimations of 
Pzz. Pxx, and Pyy?- did not show a correlation between field gradient 
and relaxation time. However, the pattern of p-orbital populations was 
quite different for the halogen-substituted axial site in comparison with 
other substituted or unsubstituted positions. Apparently estimations of 
the electric field gradient at 11B are not too accurate without the inclu­
sion of two-center terms In the calculation.25 

(23) C. H. Townes and B. P. Dailey, J. Chem. Phys., 17, 782 (1949). 
(24) F. A. Cotton and C. B. Harris, Proc. Nat. Acad. Sci. U.S.A., 56, 12 

(1966). 
(25) W. D. White and R. S. Drago, J. Chem. Phys., 52, 4717 (1970). 
(26) In the EHMO method the p-orbital populations do include contributions 

from overlap. 
(27) On leave from Colby College, Waterville, Maine 04901. 

Wayne L. Smith,27 B. J. Meneghelli 
Natalie McClure, R. W. Rudolph* 

Department of Chemistry, University of Michigan 
Ann Arbor, Michigan 48104 

Received July 21, 1975 

Trivalent Copper as a Probable Intermediate in the 
Reaction Catalyzed by Galactose Oxidase1 

Sir: 

Recently we reported2 preliminary evidence that Cu(III), 
or Cu(II) in close proximity to an enzymic radical, may be 
an important catalytic intermediate in the reaction (eq 1) 
catalyzed by galactose oxidase (D-galactose: O2 oxidore-
ductase; 1.1.3.9), and that a Cu(II) form of the enzyme is 
inactive catalytically. These conclusions were based espe­
cially on the following observations: (1) superoxide dismu-
tase inhibits the galactose oxidase reaction and causes an 
increase in the intensity of the EPR signal given by the ga­
lactose oxidase,3 and (2) the addition of superoxide or ferri-
cyanide increases the rate of the galactose oxidase reaction, 
and ferricyanide causes an almost complete disappearance 
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