
-- 

R E P O R T S  

References and Notes 
1. A number of experimental studies describe growth 

via oriented aggregation. For example, this has been 
reported in anatase (TiO,) under hydrothermal con- 
ditions [R. L. Penn and j. F. Banfield, Ceochim. Cos- 
mochim. Acta 63, 1549 (1999)l. Also see (2-7). 

2. Aggregation-based grown has been demonstrated in 
hematite (a-Fe,O,) formed by aging of FeC13 in the 
presence of KH2P04 [J. K. Bailey, C. J. Brinker, M. L 
Mecartney, j Colloid. lnterface Sci. 157, 1 (1993)l. 

3. R. L. Penn and J. F. Banfield, Science 281, 969 (1998). 
4. , Am. Mineral. 83, 1077 (1998). 
5. , Am. Mineral. 84, 871 (1999). 
6. K. Onuma and A. Ito, Chem. Mater. 10, 3346 (1998). 
7. V. Privman, D. V. 	 Goia, J. Park, E. j. Matijevic, j. 

Colloid. lnterface Sci. 213, 36 (1999). 
8. D. Emerson and C. Moyer, Appl. Environ. Microbial. 

63, 4784 (1997). 
9. A mine-trained SCUBA diving team led by T. T. Ebert 

collected samples of water and biofilms into sterile 
syringes. Samples were kept on ice until returned to 
the laboratory, where they were stored at 4°C before 
examination by optical and electron microscopy. 

10. Cells were detected by staining their DNA with 4',6- 
diamidino-2-~henvlindole (DAPI). Stained cells were 
visualized with epifluorescence 'microscopy. Popula- 
tion analyses with 165 ribosomal RNA gene sequenc- 
ing are underway. Results will be reported separately. 

11. High-resolution TEM (HRTEM) images show cross- 
fringes (periodicities not detected by SAED) in 
orientations that indicate 3D order in two-line 
ferrihydrite (see Fig. 3). In some regions, additional 
diffraction maxima indicate feroxyhite (12) and, 
less commonly, six-line ferrihydrite. Results are 
consistent with previous studies (13, 14), which 
provide structural details. 

12. V. A. Drits, B. A Sakharov, A. Manceau, Clay Miner. 28, 
209 (1993). 

13. A. Manceau and V. A. 	 Drits, Clay Miner. 28, 165 
(1993). 

14. V. A. Drits, B. A Sakharov, A. 	L. Salyn, A. Manceau, 
Clay Miner. 28, 185 (1993). 

15. H. L. Zhu and R. S. Averback [Philos. Mag. 	73, 27 
(1996)l demonstrated rotation of copper particles to 
achieve ~arallel orientations with molecular dvnam- 

gation of smaller corner- and edge-linked molecules). 
Formation of ferrihydrite could proceed via sequen- 
tial elimination of n(OH), following aggregation of 
pairs of (-n[00.25 (OH)O.75 (Fe2,3) 005(0H)0.5(Fe2,3) 
O0,,, (OHo,75)or n(FeOOH),.H,O] units]. If some 
factor favors joining of alternate nuclei that are 
rotated by 180°, ferrihydrite ABAC oxygen closest 
packing would result. 

24. Web figures 1 through 3 are available at Science Online 
at www.sciencemag.org/feature/data/1050910.shl. 

25. We thank V. Dritts and A. Manceau for their com- 
ments on a longer report describing structural 
aspects of iron oxyhydroxides and W. H. Casey for 
discussion of multinuclear clusters. Supported by 
NSF grants EAR 9317082 and EAR 9814333 and 
the NASA Astrobiology Institute (JPL-Caltech). We 
also thank T. O'Connor for permission to reproduce 
Fig. 1. 

30 March 2000; accepted 19 June 2000 

A Cyclic Carbanionic Valence 

Isomer of a Carbocation: 

Diphosphino Analogs of 


Diaminocarbocations 

Tsuyoshi Kato,' Heinz Cornitzka,' Antoine acei ire do,' 


Wolfgang W. Schoeller,' Guy Bertrandl* 


Diaminocarbocations (or amidinium salts) feature a three-center 4a electron 
system w i th  an open planar structure. Their 2 ~ i  electron three-membered cyclic 
valence isomers, i n  which the carbon atom bears a negative charge, are pre- 
dicted t o  be about 541 kilojoules per mole higher in  energy than the open form. 
This isomer has not been identified yet. In contrast, the attempted synthesis 
of a diphosphorus analog of amidinium salts leads t o  the cyclic carbanionic 
form. There is no precedent for such a transformation of a carbocationic center 
into a carbanionic center, but wi th  the help of heavier main-group elements, 
numerous examples can be imagined. This approach wi l l  enable the preparation 
of many unknown structural moieties that are difficult or even impossible t o  
access in  the corresponding carbon and nitrogen series. 
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corresponding anionic compounds are called 
"carbanions." Because they are not tetravalent, 
carbocations are usually very reactive, and in 
h s  Nobel lecture, Olah added, "it should be 
clear that in carbocationic systems varying de- 
grees of delocalization always exist. Ths  can 
involve participation by neighboring n-donor 
atoms, T-donor groups, or o-donor C-H or 
C-C bonds" (2, p. 1401). The long-known 
synthetically and biologically important ami- 
dinium salts, I,, can thus be considered as 
diamino-substituted carbocations (3-9). Here, 
we report the synthesis of a diphosphorus ana- 
log, which adopts a cyclic structure II,, with 
the carbon atom bearing a negative charge 
(Fig. 1). 

Quantum chemical calculations at the 
B3LYPl6-3 lg* level with additional zero-point 
vibrational energy correction (10) predict the 
amidinium salt I, (R = R' = H) to be 541 
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Wmol more stable than its unknown cyclic 
valence isomer 11,. Several factors indicated 
that the difference in energy between the va- 
lence isomers I, and 11, should be much small- 
er than in the nitrogen series. (i) A stable allylic 
structure of type I (a three-center 4 v  electron .-
system) implies a large singlet-triplet energy 
separation, which amounts to 379 kJlmol for 
the parent compound I, but only 163 Wmol 
for I, (R = R' = H). This is due mainly to the 
much smaller inversion barrier at nitrogen (21 
kJlmol) than at phosphorus (146 Wmol), which 
favors .rr bonding. In addition, T bonds between 
phosphorus and carbon are much weaker than 
those for nitrogen (P=C, 188 Wmol; N=C, 271 
Wmol), which disfavors the allylic structure I,. 
(ii) Phosphorus-carbon bonds are longer than 

Fig. 1. Diamino- and diphosphino-substituted 
carbocations I and their cyclic valence isomers 
II. 
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Fig. 2. Synthesis and 
reactivity of 2. r 

nitrogen-carbon bonds (P-C, 1.89 A; N-C, 
1.47 A), and thus, the ring strain energy in II, 
should be smaller than that in 11,. (iii) Because 
of the presence of an accessible o* orbital at 
phosphorus, compound IIp could benefit from 
a* aromaticity (I I), although this type of sta- 
bilization is far weaker than that resulting from 
7~ aromaticity, which is present in the well- 
known cyclopropenium salts (12). 

Previously, we have shown that the stable 
[bis(diisopropylamino)phosphino](silyl)c 
(13) reacts with trimethylsilyl trifluorometh- 
ane sulfonate to form the phosphinocarboca- 
tion A (14), one of the very few stable 
phosphorus analogs of an iminium salt (15) 
(Fig. 2). The same synthetic strategy was 
adopted to prepare the diphosphinocarboca- 
tion 1 or its valence isomer 2. A dichloro- 
methane solution of bis(diisopropy1amino)- 
phosphenium triflate (16) was added at O°C 
to a pentane solution of the carbene (all 
manipulations were performed under argon). 
After evaporation of the solvent, the residue 
was washed with ether, and the resulting 
white powder recrystallized from tetrahydro- 
furane at -S°C. The adduct 2 was isolated in 
66% yield as white crystals that are extremely 
sensitive to air (melting point 89" to 90°C). 

The ionic nature of 2 was indicated by its 
very low solubility in nonpolar solvents. A 
triplet in the 29Si nuclear magnetic resonance 
(NMR) spectrum [ssi = - 10.7 parts per mil- 
lion (ppm), JPsi = 10 Hz (6 is the chemical 
shift and J the-spin-spin coupling constant)] 
suggested the presence of two magnetically 
equivalent phosphorus nuclei. A three-mem- 
bered ring structure was indicated by the high- 
field 31P NMR signal (6, = +7.3 ppm) (17). - . *  - -  . . . 
The 13C NMR signal corresponding to the car- 
bon bonded to the two phosphorus atoms ap- 
pears at 49.6 ppm (triplet, J,, = 7.3 Hz). This 
chemical shift is at far too high field for a 
carbocationic center but is well within the range 
expected for a carbanion (18). A single-crystal 
x-ray difiiaction analysis (19) (Fig. 3) shows 
that 2 has pseudo C,, symmetry. The carbon 
center is planar (sum of the bond angles is 
359.g0), and the P-P (2.12 A) and P-C (1.73 
and 1.71 A) bond lengths are slightly shorter 

+ MeMgBr yR2 /SiMe3 
T ~ O @  - R2N-P=C\ 

R2N 2 NR2 
I 

3 Me T-NR2 
NR2 

than would be expected for single bonds. 
To gain more insight into the electronic 

structure of 2, we performed ab initio calcula- 
tions (10) on the model compound 2' (Fig. 4). 
The calculated geometric parameters (P-P, 
2.102 A; P-C, 1.726 and 1.727 A) compare 
well with those found experimentally for the 
sterically encumbered derivative 2. The analy- 
sis of the electron densities of each of the 
constituents of 2' is of particular interest. Each 
diaminophosphenium unit carries a charge of 

Fig. 3. Molecular view of 2 in the solid state 
(thermal ellipsoids at the 50% probability lev- 
el). lsopropyl and methyl groups are simplified 
for clarity. Selected bond lengths (in angstroms) 
are as follows: C(1)-P(1). 1.731(3); C(1)-P(2). 
1.710(3); C(1)-Si(l), 1.859(3); P(1)-P(2), 
2.1 195(11); P(1)-N(l), 1.651 (3); P(1)-N(2), 
1.659(3); P(2)-N(3), 1.651(2); and P(2)-N(4), 
1.642(2). Selected bond angles (in degrees) 
are as follows: P(1)-C(1)-P(2), 76.04(13); 
P(1)-C(1)-Si(l), 146.00(18); P(2)-C(1)-Si(l), 
137.79(18); C(1)-P(1)-P(2). 51.53(10); and 
C(1)-P(2)-P(l), 52.42(10). 

approximately + 1, whereas the carbon bears a 
charge of - 1.6 [- 1.2 in the o space and -0.4 
in the (formal) p orbital]. At first glance, this 
large value seems rather surprising, but if one 
subtracts a charge of -0.5, which is provided 
by the silyl unit, it leaves a charge of - 1.1 at 
the carbon. There is a simple explanation for 
this observation. The angular compression at 
the carbon makes it extremely electronegative. 
It therefore withdraws considerable electron 
density from the neighboring phosphorus and 
silyl groups. This view is corroborated by the 
chemical behavior of 2. For example, methyl 
magnesium bromide does not react at the car- 
bon center but at phosphorus, leading to the 

SiH3 +0.527 Fig. 5. Electron localization function analysis .... - ......... - ......... 
I 

for 2' (ring bonds in plane of paper). 

Fig. 6. Open forms of diphosphinocarbocation 
Fig. 4. Charges of fragments for 2'. 1'. 
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Fig. 7. Cascade stabilization in diphos-
phino-substituted carbocations. r*i 

SiH3 

H2N'y 
H2N 
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H?N <±> 

HoN 

Sihk 
NH2 
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corresponding P-methyl phosphorus ylide 3 in 
near-quantitative yield (an ylide is a compound 
in which a positively charged atom from group 
15 or 16 is connected to a carbon atom carrying 
a negative charge) (Fig. 2). Further investiga
tion of 2' through analysis of the Laplacian of 
the electron density (20) and the electron local
ization function (21) reveals a strong "banana" 
P-P bond with large p character (the bond 
ellipticity is 0.45) in the plane of the ring and 
partial double-bond character (Wiberg bond in
dices = 1.2) for the P-C bonds (Fig. 5). 

The calculations found that the open planar 
form (C2v symmetry) of type l'a, analogous to 
that of amidinium salts, is not a minimum on 
the potential energy surface. This illustrates the 
striking difference between phosphorus and ni
trogen chemistry (Fig. 6). However, pyramidal-
ization at one of the phosphorus atoms leads to 
l 'b, which is not only an energy minimum, but 
is also lower in energy by 24 kJ/mol than the 
cyclic form 2'. The experimental observation of 
2 can be explained by the presence of bulky 
diisopropylarhino groups because the steric de
mand in the linear form is larger than in the 
cyclic system. 

Derivative 2 can be considered as resulting 
from a "cascade stabilization" of the electron-
deficient carbocation center. As in the case of 
monophosphinocarbenium ions such as A, the 
first phosphorus atom gives electrons to the 
carbocationic center and becomes positively 
charged and, therefore, highly electrophilic 
(22). The second phosphorus atom then acts as 
a Lewis base toward the first (Fig. 7). 

This type of transformation of a cationic 
center into an anionic center is unlikely to be 
unique and should be of important synthetic 
utility. For example, preliminary calculations 
predict that the corresponding diphosphinoni-
trenium ions should exist in the cyclic form, 
with a negatively charged nitrogen atom. The 
synthesis of 2, combined with the recent prep
aration of a tricyclic terraphosphabenzene va
lence isomer (23) (calculated in the carbon se
ries to be 933 kJ/mol less stable than benzene), 
also suggests that the unique electronic proper
ties of heavier main-group elements will allow 
for the preparation of many new structural moi
eties that are difficult or impossible to access in 
the corresponding carbon and nitrogen series. 
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history was significantly different from the 
preanthropogenic sulfur cycle (4-9). Here we 
report sulfur multiple-isotope measurements 
(of 833S, 834S, and 836S) of sulfide and sul
fate minerals from Precambrian sedimentary 
and metasedimentary rocks and use them to 
document that a profound change occurred in 
the sulfur cycle between 2090 and 2450 Ma. 

Thermodynamic, kinetic, and biological 
processes produce isotopic fractionations that 
depend on the relative mass differences be-

Atmospheric Influence of 
Earth's Earliest Sulfur Cycle 

James Farquhar,* Huiming Bao, Mark Thiemens 

Mass-independent isotopic signatures for 833S, 834S, and 836S from sulfide and 
sulfate in Precambrian rocks indicate that a change occurred in the sulfur cycle 
between 2090 and 2450 million years ago (Ma). Before 2450 Ma, the cycle was 
influenced by gas-phase atmospheric reactions. These atmospheric reactions 
also played a role in determining the oxidation state of sulfur, implying that 
atmospheric oxygen partial pressures were low and that the roles of oxidative 
weathering and of microbial oxidation and reduction of sulfur were minimal. 
Atmospheric fractionation processes should be considered in the use of sulfur 
isotopes to study the onset and consequences of microbial fractionation pro
cesses in Earth's early history. 
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