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ABSTRACT 

The hypemalent phosphorus compound 3,7-di-t- 
butyl- 5 - uzu - 2,8-dioxa - I -phosphabicyclo[3.3.O]octa- 
2,4,6-triene (ADPO), forms a monosubstituted ad- 
duct,  ADP0.Fe(C0)4, by direct reaction of 10-P-3 
ADPO with Fe2(CO), or Fe(C0)5, as well as by re- 
action of' I , I  -dichloro-3,7-di-t-butyl-5-aza-2,8-di- 
oxa- I -phosphabicyclo[3.3.0]octa-3, 6-diene(ADP0.C12) 
with N U ~ [ F ~ ( C O ) ~ ] .  The X-ray crystal structure of 
ADP0.Fe(C0)4 shows that ADPO is coordinated to 
the iron through the phosphorus. The phosphorus of 
the udduct has a tetrahedral 8-P-4 geometry in con- 
trast to  the planar T-shaped geometry o f  uncomplexed 
10-P-3 ADPO. Ultraviolet photolysis of ADPO. Fe(C0)4 
yields the disubstituted species (ADP0)2.  Fe(C0)3 
wherein ADPO has dimerized via P-0  bond cleavage 
to  form a bidentate (ADP0)2 ligand containing a 10- 
membered ring that bridges uxial and equatorial po- 
sitions ut the trigonal bipyramidal iron center. 

INTRODUCTION 
We have reported the synthesis [l-51, structure [ 1-41, 
chemistrv [ 1-4, 6-1 13 and electronic structure [4, 
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12, 131 of unusual ring systems that contain 3-co- 
ordinate 10-electron pnictogen centers. For a 10- 
Pn-3 [14] arrangement, two lone pairs of electrons 
in equatorial positions are expected at the pnicto- 
gen center. Numerous metal complexes of these 
5 -aza-2,8-dioxa- 1 -pnictabicyclo[3.3.O]octa-2,4,6- 
triene (ADPnO) [15] ring systems have been pre- 
pared and structurally characterized. [4,8-111 These 
metal complexes have allowed the demonstration 
of chemical [4, 8-10] or stereochemical [4, 8-10] 
activity of equatorial lone pairs at antimony and 
arsenic centers. The phosphorus-derived ADPO ring 
system has been somewhat of an enigma in that the 
metal chemistry has afforded structures that ap- 
pear to be derived from the 8-P-3 ADPO rather than 
10-P-3 ADPO. Theoretical studies [4, 121 on these 
ADPnO molecules suggest that the arsenic and an- 
timony compounds can be described by a simple 
valence bond model for the 10-Pn-3 structures such 
as that depicted for ADPO in Equation 1 .  The the- 
oretical models of the phosphorus-derived ADPO 
system indicate an electronic arrangement similar 
to the heavier arsenic and antimony analogs. [4,12] 
Unlike the heavier analogs there is sufficient over- 
lap between the phosphorus and its adjacent nitro- 
gen and oxygen centers to allow delocalization of 
a phosphorus lone pair into the ligand r-system. 
This delocalization of the phosphorus p-lone pair 
in 10-P-3 ADPO causes the 8-P-3 and 10-P-3 ar- 
rangements to be close in energy: The coordination 
chemistry of ADPO with transition metal centers 
has given complexes in which the phosphorus cen- 
ter is found in a tetrahedral 8-P-4 environment as 
if the complex had been derived from 8-P-3 ADPO. 
When ADPO is released from these metal complexes 
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by displacement with another ligand the ADPO as- 
sumes the 10-P-3 arrangement. We now report ad- 
ducts of ADPO derived from iron carbonyl in which 
unique chemistry can be observed for the ADPO 
ring system. 

RESULTS 
When a mixture of ADPO and Fe2(C0)9 in pentane 
was stirred at ambient temperatures for several 
hours, the Fe2(C0)9 slowly dissolved to give the 
monosubstituted complex ADPO.Fe(CO), in vir- 
tually quantitative yield (Equation 1). 

t-Bu 
\ +  

C 6  
I 

t-Bu 

ADPO ADPO*Fe( C 0)4 

The vco region in the IR spectrum is typical for 
an LFe(CO), species substituted in the axial posi- 
tion of the iron [16]; however, the bands are at 
significantly higher frequency compared to other 
R3PFe(C0), (R = alkyl [ 171, phenyl [ 171, Me2N [ 181) 
species, and even slightly higher than for 
(Me0)3PFe(C0)4 [ 171, suggesting that ADPO is a good 
.rr-acceptor. Coordination of the phosphorus is in- 
dicated by the 31P NMR (C6DI2) chemical shift of 
6 235 and large phosphorus coupling (22.6 Hz) to 
the carbonyl carbons attached to the iron (these 
carbons are equivalent on the NMR time scale) [ 19, 
201. The 'H NMR spectrum shows an upfield shift 
(6 7.50 4 5.89) and increase in 3JpH (9.6 Hz + 26.4) 
for the ADPO ring protons, compared to uncom- 
plexed 10-P-3 ADPO.An upfield shift (6 169.94 156.4) 
for the carbon attached to oxygen in the tridentate 
ligand of ADPO is revealed in the 13C NMR spec- 
trum of ADPO-Fe(C0)4. These data are consistent 
with a folded 8-electron environment at phosphorus 
as previously observed for other metal ADPO ad- 
ducts [ l l ,  4, 8, 91. A single crystal X-ray analysis 
confirms the structure of ADPO-Fe(C0)4. 

The ADPO ligand in ADPO.Fe(CO), is approxi- 
mately tetrahedral about phosphorus. Coordina- 
tion to the iron is through the phosphorus. The iron 
is approximately trigonal bipyramidal (TBP) with 
ADPO at one of the axial sites (Figure 1). The Fe-P 
distance (Table 1) is about 8 pm shorter than the 
corresponding distances in L.Fe(CO), (L = (Me2N),P 
[22], Ph3P [23], Ph2HP [24]), and about the same 

FIGURE 1 KANVAS [21] drawing of the X-ray structure of 
ADPO.Fe(CO),. 

as  [(MeNCH2CH2NMe)PF]Fe(C0), [25]. A 
Cp(C6H5)(CO)Fe adduct of a saturated analog of 
ADPO gives an Fe-P distance of 210.5(2) pm [26]. 
This Fe-P bond distance in ADPO-Fe(CO), may re- 
flect v-acceptor properties of coordinated ADPO. 
The Fe-C and C-0 bond lengths are typical for 
these types of complexes [22-25, 271. The overall 
ADPO geometry in the complex is very similar to 
the ADPO ligands in ~is-(ADPo)~Pt1, [l 13. As ex- 
pected, the distortion from a planar geometry in 
free ADPO to a tetrahedral geometry in the complex 
is accompanied by significant changes in most of 
the ligand bond lengths. In the complex, the C-0 
and C-N bonds are longer while the C-Cri,, bonds 
are shorter, reflecting the localization of the C=C 
double bond in the folded structure. The P-0 bond 
lengths have decreased by the greatest amount as 
a result of the formation of 2-center 2-electron bonds 
from the hypervalent bond. The P-N bond length 
remains unaltered. 

One remarkable feature of the structure of 
ADPO.Fe(CO), is the conformation of ADPO with 
respect to the Fe(CO), unit; the two P-0 and one 
P-N bonds are virtually eclipsed with the three 
carbonyls in the equatorial plane of the iron. TO our 
knowledge, all other R3PFe(C0), complexes that have 
been structurally characterized [22-25, 271 have 
staggered conformations, presumably to minimize 
steric interactions. It is tempting to suggest an in- 
teraction between the nitrogen and/or oxygen at- 
oms on ADPO with the iron carbonyl fragment, but 
the absence of significant Fe-C-0 bond differences 
with other complexes argues against this [22-25, 
271. 

The same ADPO-Fe(CO), adduct was obtained 
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TABLE 1 Selected Bond Lengths and Angles in ADP0.Fe(C0)4 

Bond Length (pm) Bond Angle (deg.) 

Fe-P 
Fe-C 

P-0 
P-N 
C-OADPO 
C E O  

C-N 
c-cn, 

21 5.8(3) 
179.7(9), 178.9(10), 
179.2( lo), 180.0(12) 
162.3(6), 164.7(6) 
170.4(9) 
141.4(11), 144.4(11) 
114.0(10), 114.6(10) 
122.5(11), 114.2(13) 

145.7( lo), 145.7( 10) 
130.1 (1 4), 128.9(14) 

C-Fe-P 

Fe-P-N 
Fe- P-0 
N-P(fO1d) 
c-c-0 
C-C-N 
0-P-0 
0-P-N 
C-N-C 
C-Fe-P-N 

175.0(4), 91 .I (3), 
91.5(3), 86.7(3) 
124.6(3) 
1 14.7(2), 1 14.6(2) 
116.5 
114.7(8), 115.4(8) 
113.0(10), 114.0(10) 
108.3(3) 
95.4(4), 96.3(4) 
1 15.8(6) 
7.7, 126.2, - 113.6 

when the ADPO fragment originated from a ma- 
terial in which the ADPO backbone is reduced (such 
as ADP0.C12) rather than oxidized as it is in un- 
complexed 10-P-3 ADPO. The reaction of ADPO-C12 
with Na2[Fe(C0)4] (Equation 2) produced 
ADPO-Fe(C0)4, though spectral properties show this 
reaction not to be as clean (see Experimental sec- 
tion). 

f-Bukp 

t-B; 

ADPO.Cl2 

ADP0.Fe(C0)4 (2) 

Reaction of ADPO*Fe(C0)4 and ADPO in cy- 
clohexane, under UV irradiation, led to the for- 
mation of the disubstituted product (ADP0)2Fe(CO)3 
(Equation 3). UV irradiation of (or, alternatively, 
boiling) a solution containing only (ADPO)Fe(C0)4 
yields the identical product. The usual geometry 
for unconstrained his(phosphorus) iron tricarbonyl 
complexes is TBP with phosphorus ligands in the 
axial positions [16, 17, 22, 271. However, the IR 
spectrum of (ADP0)2Fe(CO)3 does not show the sin- 
gle major band in the vco region that would be 
expected for t r~ns-L~Fe(C0)~.  Rather, three major 
bands are observed, indicative of a cis geometry. 
(One resonance is observed for the iron carbonyl 
carbon atoms in the I3C NMR spectrum, which is 
split into an apparent triplet by coupling to the 
phosphorus atoms, suggesting equivalence of the 
phosphorus atoms and carbonyls on the NMR time 
scale [19, 201. The 31P NMR {'H} (C6DI2) spectrum 
exhibits a single phosphorus resonance at S 172. 

Two resonances are observed in each of the methyl 
and ethylenic regions of the 'H NMR spectrum [28]. 
The ethylenic protons show an upfield shift from 
uncomplexed ADPO (67.50 += 5.58 and 5.94) but 
the phosphorus couplings remain small (7.4 and 
7.0 Hz). These P-H couplings are uncharacteristi- 
cally small for typical folded ADPO-metal com- 
plexes. These NMR and IR observations indicate 
that the two rings of each ADPO fragment remain 
inequivalent even though the phosphorus atoms in- 
terconvert. The coupling patterns further suggest 
that the ring structures are different from the pre- 
viously studied folded ADPO-metal complexes. 

ADFOFe(CO)4 + ADPO or - hv 

A 

t-Bu 

t-Bu 

(ADP0)2Fe(C0)3 
An X-ray structural characterization of 

(ADP0)2Fe(CO)3 confirms the axiaUequatoria1 ar- 
rangement of the two phosphorus centers (Figure 
2). The solid state structure of (ADPO)2Fe(C0)3 re- 
veals that the two ADPO subunits have dimerized 
via P-0 bond cleavage to transform two 5-membered 
rings into a 10-membered ring. This dimerization 
is unprecedented in ADPnO chemistry [4, 6, 71. 
However, Houalla has reported such dimerizations 
in completely saturated analogs of the ADPO ring 
system [29, 301. 

The 10-membered ring in (ADP0)2Fe(CO)3 con- 
tains two approximately co-planar vinyl- 
ethedenamine (N-C=C-0) fragments. The great- 
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FIGURE 2 KANVAS [21] drawing of 
the X-ray structure of 
(ADP0)2Fe(C0)3. 

est deviation $om the mean plane for these eight 
atoms is 0.12 A for one of the oxygens. The last two 
members of the 10-mepbered ring, the phosphorus 
atoms, are both 1.04 A out of the mean plane for 
the other eight atoms. The direct view in Figure 2 
is into the plane of the 10-membered ring, bisecting 
the C-C double bonds. The outline of the 10-mem- 
bered ring with the two fused 5-membered rings is 
visible on the shadowed plane below the structure. 
The 5-membered rings also contain vinyl- 
ethedenamine (N-C=C-0) fragments so that each 
of them is likewise fairly planar. The largest devia- 
tion frpm planarity in the 5-membered rings is 
-0.09 A at the oxygens. The two 5-membered rings 
are each twisted approximately 40" with respect to 
the central ring. These features create an approxi- 

mate C2 symmetry in the ADPO dimer. To accom- 
modate this propeller arrangement each of' the ni- 
trogens has pyramidalized slightly (sum of the va- 
lence angles is -353"). The iron tricarbonyl frag- 
ment rests over the center of the ring system, along 
the approximate 2-fold axis, with one phosphorus 
occupying an axial position and the other occupy- 
ing an equatorial position. 

The bond lengths and angles in (ADP0)2Fe(C0)3 
(Table 2) support the localization of .rr-bonding in 
the ADPO dimer. The bond lengths and angles in 
the two 5-membered rings follow the trends ob- 
served in the previous complexes with folded ADPO 
[9, 111. As expected, the bond angles in the 10-mem- 
bered ring are somewhat larger than their coun- 
terparts in the 5-membered rings. 

TABLE 2 Selected Bond Lengths and Angles in (ADP0)2Fe(CO)3 

Bond Length (pm) Bond Angle (deg.) 

Fe-Pa, 213.32(8) C-Fe-Pa, 
Fe-P, 21 2.01 (9) C-Fe-P, 

P-Fe-P 
Fe-C 178.3(3), 178.6(3), 178.2(3) C-Fe-C 
P-010" 163.0(2), 161.1(2) 0-P-0 

c-010" 140.4(3), 139.9(3) C-C-0,o" 
C-05" 140.9(3), 140.7(3) c-c-0," 

P-05" 162.5(2), 163.1 (2) N-P-Oloa 
P-N 168.0(2), 169.1(2) N-P-05" 

c-0 114.8(4), 114.0(4), 114.7(4) C-N-C 
C-Nlo" 142.2(3), 141.4(4) C-C-N 1 0" 

C-N5a 141.9(4), 140.8(4) C-C-NS" 
C-C10" 131.9(4), 132.7(4) PIs-Pl1ob 
C-C5" 1 33.1 (4), 1 32.7(4) PIS-P15.b 

a The subscript 5 or 10 denotes whether the value is from a 5- or 10-membered ring. 
* The angle between designated mean planes. 

170.9(1), 94.39(9), 86.9(1) 
88.9(1), 118.8(1), 122.9(1) 
83.93(3) 
118.1(1), 94.0(1), 92.3(1) 
101.3( 1 ), 100.q 1) 
99.8(1), 99.9(1) 
93.7(1), 92.3(1) 
120.6(2), 120.8(2) 
112.2(2), 111.9(2) 
120.1(2), 120.3(2) 
126.3(2), 127.2(2) 
112.7(2), 112.8(2) 
40.5, 42.4 
82.9 
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hv (ADPO)2Fe(CO), + ADPO - 
r-Bu 

, t-Bu 

(4) 

Further reaction of (ADP0)2Fe(C0)3 with excess 
ADPO was attempted. Under UV irradiation a prod- 
uct is formed with two 31P resonances, coupled to 
one another. One resonance appears as a doublet 
a t  6 174, while the other is a triplet a t  6 240 (Jpp = 
21.7 Hz). The fact that these resonances are very 
similar to those of (ADP0)2Fe(C0)3 and 
ADP0.Fe(C0)4, respectively, suggest that simple co- 
ordination of a bent molecule of ADPO has oc- 
curred, yielding (ADPO),Fe(ADPO)(CO), (Equation 
4). There seems to be no tendency to form any type 
of ADPO trimer. Although (ADP0)2Fe(ADPO)(CO)2 
was not isolated, i t  is easily characterized by its 
solution NMR spectra. Since the dimeric ADPO unit 
is chiral with a C2 axis, the third isolated ADPO 
unit contains diastereotopic t-butyls and ethylenic 
protons. This feature is nicely evident in the 'H 
NMR spectrum, which exhibits resonances at  S 1.04 
and 1.12 for the t-butyls. The new ethylenic protons 
appear as a set of doublets a t  6 5.55 and 5.62. The 
magnitude of the phosphorus couplings to the var- 
ious ethylenic protons (6.9 vs -25 Hz) supports the 
isolated nature of the third ADPO unit. Further CO 
substitution beyond the dicarbonyl was not ob- 
served. 

When heated under pressure with carbon mon- 
oxide, ADPO.Fe(CO)., will release ADPO. As we had 
previously observed with platinum complexes [ 1 11, 
the liberated ADPO assumes the planar 10-P-3 ar- 
rangement with no evidence of folded 8-P-3 ADPO. 
Attempts to dislodge ADPO or ADPO dimer from 
(ADP0)2Fe(CO)3 have been unsuccessful even under 
925 atms of carbon monoxide. 

DISCUSSION 
The formation of a 1 : 1 adduct between iron car- 
bonyls and ADPO is consistent with theoretical 
studies of the ADPO system [4, 121 and in accord 
with previous experimental findings for other tran- 
sition metal electrophiles [8, 9, 111. We have re- 
cently reported metal adducts of tricoordinate hy- 
pervalent pnictogen compounds in which the 

pnictogen center is coordinated to two metals (1) 
[9]. Structures of the type 1 were observed for ar- 
senic and antimony centers but not phosphorus. 

r-Bu 
\ + 

ti,,"i./cp co ,CO 

/"-;"- 

/ 
t-Bu 

1 

Although an iron carbonyl precursor can be 
chosen that contains two iron centers (e.g. Fe,(CO),) 
it was not possible to form a 1:2 adduct in which 
the phosphorus center was coordinated to two irons. 
The failure of ADPO to accept two metal ligands 
has been previously interpreted in terms of the elec- 
tron structure of the parent ADPO system [9, 121. 
This interpretation is further supported by the iron 
chemistry reported herein. 

One particularly noteworthy feature about the 
solid state structure of ADP0.Fe(C0)4 is the eclipsed 
arrangement of the axial ADPO group with the 
equatorial carbonyl groups around the iron. As noted 
previously (vide supra), the usual arrangement for 
related phosphine-iron carbonyl complexes would 
have placed these groups in a staggered configu- 
ration. The reason that this eclipsed orientation is 
adopted by ADP0.Fe(C0)4 is unclear. There is no 
indication of direct interaction of the electron rich 
ADPO centers with the equatorial carbonyl 
n--systems. One possible explanation of this geom- 
etry is that the iron tetracarbonyl group has adopted 
a conformation that could facilitate the edge in- 
version process [31-37, 121 of the ADPO unit. The 
adduct of ADPO and Mn(CO)2Cp (ADPO.Mn(CO),Cp) 
[9] also shows an orientation in which the best d-n- 
donor orbital on the manganese is aligned with the 
ADPO unit in such a way as to stabilize the out- 
of-plane p-orbital that develops at phosphorus 
during the edge inversion process (Scheme 1). AS 
such the N-P-Mn-Cp(,,,, dihedral angle in 
ADPO.Mn(CO),Cp is 79.6" in the solid state. 

The iron tetracarbonyl unit in ADPO Fe(C0)4 
could be expected to provide a filled d-orbital €or 
participation in pn--dn- bonding to stabilize the edge 
inversion transition state at the ligated ADPO. Al- 
though the ground state structure of ADP0.Fe(C0)4 
does not contain a fully developed empty p-orbital 
at phosphorus there may be sufficient electron ac- 
cepting ability to account for the ground state struc- 
tural preferences. The structure of ADP0.Mn(C0)2Cp 
is consistent with such incipient interactions [91. 
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L 

Edge Inversion 
Transition State 

SCHEME 1 

The iron-phosphorus bond distance and CEO 
stretching frequencies in ADPO-Fe(C0)4 also sug- 
gest a .rr-accepting ability for the folded ADPO lig- 
and (vide supra). Unlike the Mn(CO)2Cp group, the 
Fe(CO)4 group (as a result of its 3-fold axial sym- 
metry) is not able to provide straightforward geo- 
metric evidence that would support an incipient 
p.rr-d.rr interaction. In fact the same iron d-orbital 
is capable of interacting in a .rr sense with a C, axial 
substituent (such as folded ADPO) regardless of 
whether the arrangement is staggered or eclipsed. 
Since the incipient p-orbital at the phosphorus is 
still heavily involved with the a-system about phos- 
phorus at the ground state, the distortion in this 
orbital may make a distinction between eclipsed 
and staggered arrangements possible. We decided 
to investigate this question with the aid of theo- 
retical techniques. 

Several calculations on various structures of the 
1 : 1 ADPO:Fe(C0)4 formulation were done in the 
local density functional (LDF) approximation by 
using the program system DMol (see Computa- 
tional Details section). In all calculations the r-butyl 
groups were replaced by a single hydrogen substi- 
tuent. The calculated geometry parameters of 
ADP0.Fe(C0)4 (Table 3) are in reasonable agree- 
ment with the experimental values. The errors in 
the structure are similar to those found for the iso- 
lated species ADPO (Table 4) and Fe(C0)5 [38] (Ta- 
ble 5). For Fe(CO)5, the calculated Fe-C bond dis- 

TABLE 3 Calculated Bond Lengths and Angles in 
ADP0.Fe(C0)4 

Bond Length (pm) 

Fe-P 211.3 
Fe-C 176.3, 176.2, 

176.8, 176.7 
P-0 166.0, 165.8 
P-N 174.2 

C-0 116.3, 115.9 
116.2, 116.2 

C-N 141.2, 141.2 

c - 0 ~ ~ ~ 0  138.5, 138.6 

C-C"ng 133.2, 133.1 

Bond Angle (deg.) 

C-Fe-P 177.2, 90.8 

Fe-P-N 125.8 
Fe-P-0 114.1, 114.7 

90.7, 87.3 

N-P(f0ld) 119.1 
C-C-0 115.2, 115.3 
C-C-N 1 1  2.9, 112.9 
0-P-0 112.9 
0-P-N 93.2, 93.3 
C-N-C 1 17.4 
C-Fe-P-N 7.3, 126.1, - 113.1 

tances are 3 to 6 pm too short. A similar shortening 
of 3 to 5 pm is found for the Fe-C and Fe-P bonds 
in ADP0.Fe(C0)4. This shortening of the bonds most 
likely arises because the LDF method tends to over- 
estimate nonbonding stabilizing interactions and 
such interactions are known to be important in 
transition metal complexes. The C-0 carbonyl bond 
lengths are the same as the experimental values 
within experimental error. In ADPO, the calculated 
bonds to phosphorus are too long and the remaining 
bonds are too short. In the complex, the P-N and 
P-0 bonds are calculated to be too long as ex- 
pected. The C-0 and C-N bonds in the ring are too 
long as compared to experiment (as expcted, al- 
though the differences are larger than in the iso- 
lated molecule). The calculated C-C bonds in the 
ring are surprisingly longer than the experimental 
values but are within the experimental error (3 a). 
This result may be due to the omission of the r- 
butyl groups from the calculation. The calculated 
angles are in good agreement with the experimental 
values with even the slight twist about the Fe-P 
bond reproduced by the calculations. 

Two structures for ADP0.Fe(C0)4 in which the 
ADPO unit was planar were also calculated. In the 
first of these structures, ADPO-Fe(CO),-TS,,, the 
ADPO unit was in an apical position about the iron 
(which is the normal position for an unconstrained 
phosphine-iron carbonyl adduct, vide supra). In 
ADP0.Fe(CO)4-TS,, the ADPO unit is rotated such 

TABLE 4 Comparison of Experimental and Calculated 
Bond Lengths and Angles in ADPO 

Bond Length (pm) Bond Angle (deg.) 

Expt." Calc. Expta Calc. 

P-0 181.4 182.6 
P-N 170.3 175.6 
c-0 133.0 131.8 
C-N 137.8 136.9 
C-Cdng 134.0 135.6 

a See Reference [4]. 

0-P-0 167.7 166.8 
0-P-N 83.8 83.4 
C-C-0 112.6 114.3 
C-N-C 125.2 126.1 
N-C-C 111.3 110.7 
P-N-C 117.4 117.0 
P-0-C 114.8 114.7 
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TABLE 5 Comparison of 
Experimental and Calculated 
Bond Lengths (pm) in Fe(C0)5 

€xpt.a Calc. 

Fe-C, 177.4 180.7 
Fe-C, 177.2 182.7 
(2-0, 11 5.6 11 5.2 
c-0, 115.9 1 15.2 

a See Reference 1381. 

that a unique equatorial CEO had a 90” dihedral 
angle with both P-0 bonds. Even though a single 
phosphorus substituent would be expected to oc- 
cupy an apical site about an iron tetracarbonyl unit, 
a second planar structure, ADPO.Fe(CO),-TS,, was 
considered in order to represent a presumably higher 
energy point on the energy surface. ADPO- 
Fe(CO),-TS,, had the ADPO unit in an equatorial 
position with the P-0 bonds eclipsing the apical 
C-0’s. The bond lengths and angles in these planar 
ADPO complexes are presented in Tables 6 and 7. 
The geometries with planar ring structures are sig- 
nificantly different from that of the ground state. 
The Fe-P bond is 10 to 12 pm longer than the bond 
in the bent structure whereas the bonds to the car- 
bonyls show only small changes. The P-N bond is 
calculated to remain longer in these structures as 
compared to the calculated value for ADPO. The 
P-0 bonds slightly lengthen from the value in the 
bent complex toward the value calculated for ADPO. 
The biggest change is in the backbone, with the C-0 
bonds in the ring becoming much shorter as com- 
pared to the bent complex values and remaining 
essentially the same as compared to those in ADPO. 
The C-N and C-C bonds show smaller changes. The 
angles show significant changes as expected, with 
the Fe-P-N bond angle becoming linear and the 
Fe-P-0 bond angles decreasing by almost 20”. The 
0-P-0 bond angles significantly increase to a value 
of 166-167”, which is the same as that in uncom- 
plexed ADPO. The remaining angles are similar to 
those in free ADPO. The structures of the two planar 
structures are essentially the same for the ADPO 

TABLE 6 Calculated Bond Lengths and Angles in 
ADPO.Fe(CO).,-TS, 

Bond Length (pm) Bond Angle (deg.) 

Fe-P 223.6 C-Fe-P 178.6, 91.6, 87.0 
Fe-C 117.1, 176.1, 174.1 Fe-P-N 178.6 
P-0 176.0 Fe-P-0 96.4 
P-N 174.6 0-P-N 83.7 
c - 0 ~ ~ ~ 0  132.8 C-C-0 113.2 
C-0 116.4, 116.2, 116.6 C-C-N 109.9 
C-N 136.9 0-P-0 167.0 
C-C,,,, 134.8 C-N-C 126.3 

TABLE 7 Calculated Bond Lengths and Angles in 
ADPO-Fe(C0)4-TS, 

Bond Length @m) Bond Angle (deg.) 

Fe-P 
Fe-C 
P-0 
P-N 
C-0 ADPO 
c-0 
C-N 
c-cn, 

221.9 
177.7, 175.6 
178.5 
175.1 
132.7 
116.4, 115.9 
137.3 
134.9 

C-Fe-P 
Fe-P-N 
Fe-P-0 
0-P-N 
c-c-0 
C-C-N 
0-P-0 
C-N-C 

94.0, 118.1 
180.0 
96.9 
83.1 
113.0 
110.3 
1 66.1 
125.6 

fragment and differ only in the various angles cen- 
tered on the Fe atom. 

co 

ADPO*Fe( C0)4-TS,, 

ADPO-Fe( CO),-TS,, 

The very small energy differences encountered 
on this potential energy surface are surprising. The 
lower energy planar structure (ADPO-Fe(CO),-TS,,) 
is only 0.68 kcal/mol above the energy of the bent 
structure and the other planar structure (ADPO. 
Fe(CO),-TS,,) is only 2.40 kcal/mol higher in en- 
ergy. These small differences are found even though 
there are significant differences in the geometry pa- 
rameters. In order to provide further information 
about the potential energy surface, the carbonyl 
groups on iron were rotated about the Fe-P bond 
in the bent structure to yield a “staggered” struc- 
ture (ADPO-Fe(CO),-Stag). In this structure the 
dihedral angle between the N-P bond and an Fe-C 
bond was 180”. This staggered structure was 
0.44 kcal/mol lower in energy than the “eclipsed” 
structure found in the crystal. One additional struc- 
ture (ADPO.Fe(CO),-Mid), which was geometri- 
cally midway between the ADPO-Fe(CO),-TS,, 
structure and the calculated eclipsed ADPO.Fe(CO), 
ground state structure, was calculated. ADPO- 
Fe(CO),-Mid was only 6.1 kcal/mol above the cal- 
culated eclipsed ground state structure. Relaxation 
of the ADPO.Fe(CO),-Mid structure led toward the 
folded structure (eclipsed ground state) and the re- 
laxation proceeded very slowly due to the flatness 
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TABLE 8 Calculated Energies for Various 
ADP0.Fe(C0)4 Structures 

Compound Energy (kcallmol) 0 \ Y 
ADP0.Fe(C0)4 0.00 
ADP0.Fe(C0)4-Stag - 0.44 
ADPO. Fe(C0)4-TS, 0.68 
ADP0.Fe(C0)4-TS, 2.40 
ADPO.Fe(COk-Mid 6.10 

of the energy surface. Considering the wide geo- 
metric differences between the five calculated 
structures it is remarkable they are energetically 
so close (Table 8). 

The atomic charges (Table 9) provide some use- 
ful insights into the electronic structure. The Fe(CO)4 
fragment has charges essentially the same as those 
in Fe(C0)5. The iron is negative and the carbonyls 
are slightly positive. The ADPO fragment has some 
differences in the charge distribution as compared 
to the uncomplexed molecule. The bent structure 
has a very positive phosphorus as compared to un- 
complexed ADPO. The nitrogen atom is signifi- 
cantly more negative in the bent complex. The ox- 
ygen atoms are more negative than found for ADPO 
and the carbon atoms somewhat more positive. The 
only difference in the charges of the complexes with 
planar ADPO and that of the free molecule is the 
charge on the phosphorus, which is 0.22-0.24 e more 
positive in the complex. 

The flat profile of the ADPO-Fe(CO)4 deforma- 
tion energy surface is surprising considering the 
wide variation in geometry that is possible. Our 
calculations locate a local energy minimum at the 
geometry (variation in rP-Fe of 12 pm with less than 
2.5 kcal/mol change in energy) observed for the X- 
ray structure of ADP0.Fe(C0)4, but it does not ap- 
pear to be the global energy minimum since the 
corresponding staggered structure ADPO. 
Fe(C0)4-Stag is 0.44 kcal/mol lower in energy. This 
result could arise from small energy changes due 
to crystal packing effects or to the additional elec- 
tronic effects of the t-butyl groups present in the 

SCHEME 2 

experimentally studied molecule. In any event, the 
close energetic positioning of both planar and folded 
ADPO structures in this iron system suggests that 
complexes involving planar ADPO units may be ob- 
servable if the metal center and substitution are 
chosen carefully. 

The adduct (ADP0)2Fe(C0)3, which contains two 
ADPO units, is not the simple 2 :  1 adduct. The two 
ADPO subunits have dimerized at the iron center. 
This dimerization of the ADPO fragment is sur- 
prising because it is not characteristic of ADPO 
chemistry. Saturated analogs of ADPO have been 
observed to dimerize in this fashion [29,30] without 
the need for a metal catalyst (Scheme 2), but ADPO 
has resisted undergoing the analogous reaction. 

The dimerization of these [3.3.0]bicyclic sys- 
tems in this fashion is characteristic of the mole- 
cules in which the phosphorus is found in a tetra- 
hedral 8-electron environment (8-P-3 or 8-P-4) rather 
than the planar 10-electron environment (10-P-3) 
that is the ground state for ADPO. We have recently 
observed similar dimerizations in 8-Ge-4 systems 
[39] that are derived from alkylgermanium trich- 
lorides and the diketoamine ligand [4] from which 
ADPO is synthesized. The presence of ADPO in an 
8-P-4 arrangement in the iron complexes is appar- 
ently sufficient to allow dimerization of ADPO units 

TABLE 9 Calculated Charges(e) for Various ADPO.Fe(CO), Structures 

Atom ADPO.Fe( C0)4 ADP0.fe(C0)4-TS,, ADP 0.Fe(C0)4-TS,, ADPO Fe(co)5 

- 0.36 - Fe - 0.39 - 0.36 - 0.36 
O.l4(eq), 0.1 6(ax) Fe-C 0.12(eq), 0.16(ax) 0.12(eq), 0.15(ax) 0.1 2(eq), 0.1 1 (eq) - 

0.15(ax) 

- 0.1 O(ax) 
C E O  -O.lO(eq), -0.09(ax) -O.lO(eq), -0.09(ax) -0.1 l(eq), -0.12(eq) - - 0.08(eq), - 0.07(ax) 

P 0.81 0.60 0.62 0.38 
P-0 - 0.43 - 0.39 ~ 0.37 - 0.39 
N - 0.28 - 0.02 - 0.01 - 0.01 
0-c 0.16 0.13 0.15 0.14 
N-C 0.13 0.07 0.07 0.07 
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when they are in close proximity. The importance 
of proximity is illustrated by the failure of ADPO 
units to dimerize in adducts with platinum diiodide 
[ 1 11 (2) or pentamethylcyclopentadienylruthenium 
cation [8] (3) in which two units were incorporated 
at each metal center. The distances between phos- 
phorus centers in the ruthenium and platinum ad- 
ducts are greater than that in the iron adduct when 
the ADPO groups occupy an axial and an equatorial 
position. 

In an idealized TBP geometry at  an iron center 
the distance between axial and equatorial phos- 
phoms centers (assuming a P-Fe distance of 2 15 pm) 
would be 304 pm. In (ADPO),Fe(CO), the distance 
between phosphorus centers is 284 pm in the ADPO 
dimer unit. The greater bond lengths between phos- 
phorus and platinum result in a P-P distance of 
327 pm in ci.~-(ADP0)~Pt1, (2) [I  11. Although an X- 
ray structural study is not available for the bis- 
(ADP0)ruthenium adduct (3) [8], a tetrahedral 
ruthenium coordination complex with two phos- 
p h o ru s c e n t e rs ( ( q - pe n t a m e t h y 1 c y c 1 open t a - 
dienyl)(acetonitrile)diphenylsilylene-bis( trimethyl- 
phosphine)rutheniurri tetraphenylborate) [40] shows 
a P-P distance of 329 pm as a result of increased 
bond lengths and angles relative to the iron system. 
The small size of an iron center relative to platinum 
or ruthenium results in a potentially closer prox- 

imity of ADPO units prior to their dimerization. The 
diaxial disposition of two monomeric ADPO units 
about a TBP Fe(CO)3 center would be expected to 
be lower in energy than the axial-equatorial ar- 
rangement that is necessary for dimerization. 
Nonetheless, the rapid pseudorotation at  the iron 
center should make such geometries accessible. In 
addition to this intramolecular path for dimeriza- 
tion of the ADPO subunits, an intermolecular route 
can also be envisioned. 

When considering an intermolecular route for 
the dimerization some important factors need to be 
considered. The ADPO dimer unit has a syn config- 
uration in (ADP0)2Fe(CO)3 in which both phospho- 
rus lone pairs of electrons (coordinated to iron) are 
on the same side of the central 10-membered ring. 
Dimers of the saturated analogs of ADPO have an 
anti configuration for the phosphorus lone pairs of 
electrons [29]. The dimers of [3.3.0]bicyclic ring 
systems containing 8-Ge-4 centers also possess an 
anti configuration about the central 10-membered 
ring [39]. Thus, intermolecular dimerizations of 
[3.3.0]heterobicyclic systems of the type under con- 
sideration here appear to give only the anti dimers. 
The syn dimer of APDO is found in (ADP0)2Fe(C0)3 
as would be expected if the dimerization occurred 
intramolecularly at a single iron center. The con- 
version of an intermolecularly formed ADPO anti 
dimer to the syn isomer could be accomplished if 
a single phosphorus were free to invert. The inver- 
sion of any of these phosphorus centers cannot oc- 
cur by a traditional vertex inversion mechanism 
due to the electronegative substituents a t  phospho- 
rus [31, 33, 351. The edge inversion process is elec- 
tronically the most favored pathway in these sys- 
tems [12, 31-33, 351. The strict geometric require- 
ments of the edge inversion transition state make 
it  difficult to accommodate in the dimer ring system 
due to ring strain and steric hindrance. Since con- 
version of an anti dimer to the syn dimer is ener- 
getically unlikely, the direct formation of the syn 
dimer by an intramolecular dimerization seems the 
most probable mechanism. 

The addition of a third molecule of ADPO to an 
iron center can be accomplished by photolysis of 
(ADPO),Fe(CO>, in the presence of additional ADPO. 
NMR spectra indicate that the third ADPO does not 
participate in any sort of intramolecular reaction 
with the ADPO dimer unit. No evidence was ob- 
served for the formation of an iron adduct with 
more than three ADPO units. The most likely ex- 
planation for the limit to ADPO incorporation is 
based on the combined steric requirements of the 
ADPO dimer unit and the additional (presumably 
axial) [41-431 ADPO unit. A noteworthy feature of 
the 3: 1 adduct is the chemical shift displacements 
for the diastereotopic t-butyl’s (A6 0.08) and ring 
protons (A6 0.07) in the independent ADPO group 
as a result of the influence of the chiral ADPO dimer 
unit. 



404 Arduengo et al. 

CONCLUSION minimized and correct behavior at  the nucleus will 

Iron carbonyl forms a 1 : 1 adduct with ADPO that 
is structurally related to previously studied ADPO 
transition metal adducts. The ADP0.Fe(C0)4 ad- 
duct possesses a highly unusual eclipsed geometry 
in the solid state. This geometric preference can be 
understood by consideration of the recently discov- 
ered edge inversion process that has been shown to 
occur at 3- and 4-coordinate main group element 
centers [32,36]. Theoretical studies of ADP0.Fe(C0)4 
by the LDF technique support the relevance of edge 
inversion processes in such species. 

The addition of a second ADPO molecule to 
ADP0.Fe(C0)4 results in the formation of an ADPO 
dimer that is chelated to the iron center. The for- 
mation of this dimer by P-0 bond rupture and 
readdition is unprecedented in ADPO chemistry but 
has been observed previously at 8-electron phos- 
phorus and germanium centers in [3.3.0]bicyclic 
systems. This dimerization illustrates key elec- 
tronic differences between 8-P-3 and 10-P-3 bonding 
arrangements. The importance of proximity effects 
in this dimerization is illustrated by the failure of 
2 and 3 to form such dimer units. 

Up to three ADPO units can be incorporated at 
a single iron carbonyl center. The third ADPO unit 
does not cyclize with the ADPO dimer unit. The 
chiral nature of the ADPO dimer unit is revealed 
by the diastereotopic chemical shifts in the inde- 
pendent ADPO unit of (ADP0)2Fe(ADPO)(CO)2. 

ADPO can be released from ADP0.Fe(C0)4 by 
the addition of carbon monoxide but the ADPO di- 
mer unit is resistant to such releases. 

The flat energy surface calculated for 
ADP0.Fe(C0)4 deformations suggests that a planar 
ADPO-metal complex may be possible for some 
choice of metal and substituents. A structure with 
more than one isolable minimum energy structure 
is an intriguing possibility. Work in this area is 
continuing. 

COMPUTATIONAL METHOD 
The calculations were done in the local density 
functional (LDF) approximation [44-471 by using 
the program system DMol [48]. The atomic basis 
functions are given numerically on an atom-cen- 
tered, spherical-polar mesh. The radial portion of 
the grid is obtained from the solution of the atomic 
LDF equations by numerical methods. The radial 
functions are stored as sets of cubic spline coeffi- 
cients so that the radial functions are piece-wise 
analytic, a necessity for the evaluation of gradients. 
The use of exact spherical atom results offers some 
advantages. The molecule will dissociate exactly to 
its atoms within the LDF framework, although this 
does not guarantee correct dissociation energies. 
Furthermore, because of the quality of the atomic 
basis sets, basis set superposition effects should be 

be obtained. 
Since the basis sets are numerical, the various 

integrals arising from the expression for the energy 
need to be evaluated over a grid. The integration 
points are generated in terms of angular functions 
and spherical harmonics. The number of radial 
points NR is given as: N R  = 14(Z + 2)1’3, where Z 
is the atomic number. The maximum distance for 
any function is 12 au. The angular integration points 
No are generated at  the NR radial points to form 
shells around each nucleus. The value of No ranges 
from 14 to 302 depending on the behavior of the 
density [49]. The Coulomb potential corresponding 
to the electron repulsion term is determined di- 
rectly from the electron density by solving Poisson’s 
equation. In DMol, the form for the exchange-cor- 
relation energy of the uniform electron gas is that 
derived by von Barth and Hedin [501. 

All of the DMol calculations were done with a 
double numerical basis set augmented by polari- 
zation functions. This can be considered in terms 
of size as a polarized double zeta basis set. However, 
because of the use of exact numerical solutions for 
the atom, this basis set is of significantly higher 
quality than a normal molecular orbital polarized 
double zeta basis set. The fitting functions have an- 
gular momentum numbers (I) one greater than that 
of the polarization function. All  of the atoms except 
for hydrogen have d polarization functions so that 
the value of 1 for the fitting function is 3. For hy- 
drogen with p polarization functions, the value of 
1 for the fitting function is 2. 

Geometries were optimized by using analytic 
gradient methods. There are two problems with 
evaluating gradients in the LDF framework that are 
due to the numerical methods that are used. The 
first is that the energy minimum does not neces- 
sarily correspond exactly to the point with a zero 
derivative. The second is that the sum of the gra- 
dients may not always be zero as required for trans- 
lational invariance. These tend to introduce errors 
on the order of 0.1 pm in the calculation of the co- 
ordinates if both a reasonable grid and basis set are 
used. This gives bond lengths and angles with rea- 
sonable error limits. The difference of 0.1 pm is about 
an order of magnitude smaller than the accuracy 
of the LDF geometries as compared to experiment. 

EXPERIMENTAL 
Reactions and manipulations were carried out un- 
der an atmosphere of dry nitrogen, either in a Vac- 
uum Atmospheres dry box or using standard Schlenk 
techniques. Solvents were dried (using standard 
procedures) [5 13, distilled, and deoxygenated prior 
to use, unless otherwise indicated. Glassware was 
oven-dried in a 160°C oven overnight. IR spectra 
were recorded on a Perkin-Elmer 283 infrared spec- 



Syntheses and Structure of Iron Carbonyl Adducts of Tricoordinated Hypervalent Phosphorus Compounds 405 

trophotometer. 'H NMR spectra were recorded on 
a General Electric QE-300 spectrometer. 13C and 
31P NMR spectra were recorded on a Nicolet NT- 
300WB spectrometer. NMR references are (CH3)4Si 
('H, I3C) and 85% H3P04 ("P). Mass spectra were 
obtained on a VGMM 7070 double-focusing high 
resolution mass spectrometer. Melting points were 
obtained under nitrogen on a Thomas-Hoover cap- 
illary apparatus and are uncorrected. Elemental 
analyses were performed by Oneida Research Ser- 
vices, Whitesboro, NY, and are within 0.40% of the- 
oretical, unless otherwise indicated. 

The iron carbonyl starting materials, Fe2(C0)9, 
Fe(CO)5, and Na2[Fe(CO)41*($ dioxane), were ob- 
tained commercially and used without further pu- 
rification, except for Fe(CO)5, which was vacuum 
distilled prior to use. ADPO was synthesized as de- 
scribed previously [4]. Ultraviolet photolyses were 
carried out in quartz vessels using a Sylvania 275 
Watt mercury-arc sunlamp and cooled by a fan. 

Reaction of ADPO with Fe2(C0)9 
A flask was charged with Fe2(C0)9 (1.732 g, 
4.761 mmol) and ADPO (1.124 g, 4.659 mmol). Pen- 
tane (50 mL) was added and the resulting mixture 
was stirred for 18 h in the dark. After pumping off 
the volatiles, the residue was extracted with pen- 
tane (10 mL). Pumping off the pentane yielded air- 
stable (ADPO)Fe(C0)4 as a tan solid: 1.860 g (98%), 
mp 57-59°C (dec). NMR spectra: 'H (CD2C12) 6 1.17 

6 27.5 (CH3, s), 32.8 (C(CHJ3, d, 3Jpc = 5.3 Hz), 113.5 
(CN, s), 156.4 (COP, d, Jpc = 4.9 Hz), 211.4 (FeCO, 
d, 2Jpc = 22.6 Hz); :"P{'H} (C6D12), 6 235. IR spec- 
trum (cm-', pentane): 1977 (vs), 2005 (m), 2070 (m). 
Mass spectrum (El:): m/z 409 (M+,  1.3%), 297 
(ADPO.Fe+ , base peak). Anal. ( C I ~ H ~ O F ~ N O ~ P ) :  C, 
H, N, P. 

(s, 18H),5.89(d,3JpH = 26.4 H z , ~  H); '3C{'H}(C6D12), 

Reaction of ADPO-CZ, with N U ~ [ F ~ ( C O ) ~ ]  
A solution of ADPO.CI2 (0.328 g, 1.05 mmol) in pen- 
tane (10 mL) was added dropwise to a stirred slurry 
of Na2[Fe(C0)4].($ dioxane) (0.364 g, 1.05 mmol) in 
pentane (10 mL) at 0°C. The mixture was allowed 
to warm to ambient temperature and stirred for 
48 h. The I'P NMR spectrum showed primarily 
(ADPO)Fe(C0)4, with several smaller intensity res- 
onances. 

Photolysis of ADPO with Fe(C0)5 
A solution of ADPO (0.016 g, 0.066 mmol) and Fe(CO)5 
(0.013 g, 0.066 mmol) in THF-ds (1 mL) was irra- 
diated in a quartz NMR tube (sealed with a septum 
with a needle outlet to a nitrogen bubbler) for 3.5 h. 
The 'H NMR spectrum indicated the presence of 
ADP0.Fe(C0)4, with small amounts of (ADP0)2- 
Fe(C0)3 (vide infra). 

Photolysis of (ADPO)Fe(C0)4 
A stirred solution of ADPO.Fe(CO), (1.012 g, 2.473 
mmol) in cyclohexane (35 mL) was irradiated for 
60 h. (A precipitate formed during the reaction and 
the walls of the quartz reaction tube became coated 
with a residue. This residue was mechanically re- 
moved about 40 h into the reaction.) The mixture 
was then filtered and the volatiles pumped off. Re- 
crystallization of the residue from boiling pentane 
(10-15 mL) yielded slightly air-sensitive dark brown 
crystals of (ADP0)2Fe(CO)3: 0.347 g (45%, based on 
a theoretical yield of 1.24 mmol), mp 203-206°C. 
NMR spectra: 'H (CD2C12), S 1.15 (s, 18H), 1.22 
(s, 18H), 5.58 (pseudo t, spacing = 7.4 Hz, 2H), 5.94 
(pseudo t, spacing = 7.0Hz, 2H); 13C{'H} (C6DI2), 

(C(CH3)3, s), 110.6 (CN, br), 111.6 (CN, pseudo t, 
spacing = 6.1 Hz), 143.8 (COP, br), 152.9 (COP, 
pseudo t, spacing = 6.4 Hz), 214.5 (FeCO, t ,  2Jpc = 
8.8 Hz); 31P{1H} (C6D12), 6 172. IR spectrum (cm-', 
pentane): 1955 (vs), 1980 (s), 2032 (s). Mass spec- 
trum (EI): m/z 622 (M+, 2.0%), 538 [(ADP0)2Fe+, 
base peak]. Anal. (C16H2oFeN06P): C, H, N, P. 

6 28.2 (CH3, s), 28.3 (CH3, s), 32.9 (C(CH3)3, s), 36.1 

Photolysis of ADPO and ADP0.Fe(C0)4 
A solution of ADPO (O.O09g, 0.04 mmol) and 
(ADPO)Fe(C0)4 (0.015 g, 0.037 mmol) in C6D12 (1 mL) 
was irradiated in a quartz NMR tube (sealed with 
a septum with a needle outlet to a nitrogen bubbler) 
for 2.5 h. The 31P NMR spectrum showed the for- 
mation of (ADP0)2Fe(CO)3; however, at this point, 
significant amounts of (ADP0)2Fe(ADPO)(CO)2 (vide 
infra) had formed, and some (ADPO)Fe(C0)4 was 
still present. 

Thermal Reaction of ADP0.Fe(C0)4 
A solution of ADPO-Fe(C0)4 (0.100 g, 0.244 mmol) 
in octane was boiled for 8 h. Integration of the 3'P 
NMR spectrum indicated about 10- 15% conver- 
sion to (ADP0)2Fe(CO)3. No reaction was observed 
in boiling cyclohexane. 

Reaction of (ADPO)Fe(C0)4 with CO 
A solution of (ADPO)Fe(C0)4 (0.057 g, 0.024 mmol) 
in THF-d8 (1 mL) was heated at 100°C under 135 
atmospheres of CO for 12 h. Integration of the 'H 
NMR spectrum indicated that about 20% of the 
ADPO was present as the uncomplexed ligand. 

Attempted Reactions of (ADP0)2Fe(CO)3 
with CO 
A solution of (ADP0)2Fe(CO)3 (0.060 g, 0.096 mmol) 
in THF-ds (1 mL) was heated at 100°C under an 
atmosphere of 2,000 psi of CO for 12 h. Only 
(ADP0)2Fe(CO)3 was observed in the 31P NMR spec- 
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trum. A mixture of (ADP0)2Fe(CO)3 and C6DI2 was 
shaken at 20°C under 925 atmospheres of CO for 
12 h. Only (ADP0)2Fe(C0)3 was observed in the 31P 
NMR spectrum. 

Photolysis of ADPO with (ADP0)2Fe(CO)3 
A solution of ADPO (O.OlOg, 0.041 mmol) and 
(ADP0)2Fe(C0)3 (0.027 g, 0.043 mmol) in C6D12 

(1 mL) was irradiated in a quartz NMR tube (sealed 
with a septum with a needle outlet to a nitrogen 
bubbler) for 16 h yielding a light brown solution 
and dark brown precipitate. 31P NMR character- 
ization of the solution indicated the presence of pri- 
marily (ADP0)2Fe(ADPO)(CO)2, with a small amount 
of (ADP0)2Fe(CO)3. (ADP0)2Fe(ADPO)(CO)2 was 
characterized spectroscopically as a cyclohex- 
ane-D12 solution. 'H NMR (C6DI2): 6 1.04 ( s ,  CH3, 

CH3, 18H), 5.39 (pseudo t, spacing = 6.9Hz, 

[ADPO-NCH], lH), 5.62 (d, 3JpH = 24.8Hz, 
[ADPO-NCH], lH), 5.71 (pseudo t, spacing = 6.9 Hz, 

9H), 1.12 (s, CH3, 9H), 1.14 (s, CH3, 18H), 1.20 (s, 

[(ADPO),-NCH], 2H), 5.55 (d, 35p, = 24.6 Hz, 

[(ADPO),-NCH], 2H). 31P NMR ( C ~ D I Z ) :  6 174 (d, 
'JPP = 21.7 Hz, [(ADP0)21,2P), 240 (t, 'Jpp = 21.7 Hz, 
[ADPO], 1P). 

X-ray Crystal Structure of ADP0.Fe(C0)4 
Formula: C16H20PN06Fe, monoclinic, space group 

pm,p = 102.69(2)"; T = -7O"C,Z = 2, FW = 409.16, 
D,  = 1.408 g/cm3, p (Mo) = 8.89 cm- I ;  Crystal De- 
scription: colorless parallelepiped (0.12 x 0.18 x 
0.47 mm) grown by pentane evaporation from a so- 
lution of ADPO-Fe(C0)4. A total of 1767 reflections 
were collected, 2.6" 5 28 5 48.0", on an Enraf-Non- 
ius CAD4 diffractometer with graphite monochro- 
mator using Mo-K, radiation (A = 71.073 pm). With 
1031 unique reflections of intensity greater than 
3.0 u, the structure was solved by automated Pat- 
terson analysis (PHASE) and standard difference 
Fourier techniques. There were 225 parameters with 
all nonhydrogen atoms anisotropic and all hydro- 
gens in fixed positions. The final R factors were 
0.040, R, = 0.040. The final difference Fouricr 
showed the largest residual density to be 0.45 e/A3 
(background). 

P21 (NO. 4), a = 1001.8(2), b = 625.0(1), c = 1579.7(3) 

X-ray Crystal Structure of (ADP0)2Fe(C0)3 
Formula: C27H40P2N207Fe.C4Hlo0, triclinic, space 
group P1(No. 2) a = 1089.2(3), b = 1729.0(3), c = 
1080.0(2) pm, a = 95.04(1)", p = 111.80(1)", y = 

1.249 g/cm3, p (Mo) = 5.35 cm-' ;  Crystal Descrip- 
tion: pale yellow, parallelepiped (0.32 x 0.31 x 
0.40 mm) grown from cyclohexane/diethyl ether by 
cooling. A total of 5636 reflections were collected, 
11.3" 5 28 5 50.0", on a Syntex R3 diffractometer 

78.82(1)"; T = - lOO"C, Z = 2, FW = 696.54, D, = 

with graphite monochromator using Mo-K, radia- 
tion (A = 71.073 pm). With 3887 unique reflections 
of intensity greater than 3.0(+, the structure was 
solved by automated Patterson analysis (PHASE) 
and standard difference Fourier techniques. The in- 
dependent unit consists of one (ADP0)2Fe(CO)3 mol- 
ecule and a disordered diethyl ether molecule in 
general positions. The ether disorder was treated 
by splitting one methylene group between two half- 
atoms. The second methylene was more satisfac- 
torily modeled via thermal parameters. There were 
406 parameters with all nonhydrogen atoms ani- 
sotropic and hydrogens in fixed positions. The final 
R factors were R = 0.034, R, = 0.037. The final 
difference Fourier showed the largest residual den- 
sity to be 0.56 e/A3, near the disordered diethyl ether 
solvate. Atomic coordinates, bond lengths, angles 
and thermal parameters are available in supple- 
mentary material. 
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