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The syntheses of cubic group 13 molecular phosphonate cages of the formuladpfRPJR = Me, Et, t-Bu,

Ph; MR = BEt, BBu-s, GaMe, InMe; all combinationsl—16), [t-BuPGAIBu-i]4 (17), and [MePQAIBu-t]4

(18) have been achieved by the facile reactions of alkyl- or arylphosphonic acids with the corresponding alkyl
compounds under appropriately chosen reaction conditions. Compbut@have been characterized by analytical
and spectroscopic techniques. In all cases, the centy@} #, inorganic cubic framework is shielded by alkyl/

aryl groups. The phosphonates beatieg-butyl groups on the phosphorus are highly soluble in common organic
solvents such as-hexane, B, and THF. The molecular structure of representative exampBsHOBEt],

(3) and t-BuPOsBBuU-g4 (7) as determined by single-crystal X-ray diffraction studies reveal the presence of a
central cubic MO12P, framework that is analogous to those found in alumino- and gallophosphate materials.
Most of these cubic phosphonates are air and moisture stable. In the presence of excess phenol, it is possible to
react one of the MC bonds at the corners of the cuBeand prepare its monophenoxy derivativeBPOs-
BELt];3[t-BuPGB(OPh)] (19) in very low yields. However, in spite the presence of reactive ®lbonds, these

cubic phosphonates are unreactive toward alcohols, amines, carboxylic a€dsnid air under ambient conditions.

Introduction advanced materiafs.This is partly due to the large success in

. usingsol—gelmethods for the preparation of a variety of glasses
rec:sék/cggsc%%srir:j??;bolég?irt]t%%rt}i?)ipt:jitgst(?ntﬂept?r?tseprggpai‘:]esthg?rvgnd related ceramic materi&lsSince the molecular level control
structural chemistry. intercalation behavior. ion-exchanae prop- °V&" the final formation of three-dimensional extended structures

X y, o i 9€ Prob- \ouid provide rational routes to a new class of materials with
erties, and catalytic applications. Early studies on phosphates

. . ... _tailored properties, we have been concentrating on the use of
and phosphonates have focused on the incorporation of transition ored properties, e bee c g °

metals such as V. Zr and Zn into their framewotsHowever discrete silanetriols and a variety of organometallic derivatives
- S . ’ as starting materials for the synthesis of metallasiloxane cages
the discovery of a new group of aluminophosphate-based

molecular sieves with exceptional properties has recentl shiftedWhiCh show excellent solubility propertiésin particular, our
the focus toward the synthF()esis of%e\?v group 13 elemezt basedrecent success with the synthesis of a multitude of framework
phosphates and phosphonatedost of these materials are group 13 silicatesprompted us to extend this approach to the

synthesized either under hydrothermal conditions in the presence'soeIE(:tronlc phosphate and phosphonate systém&ontinu-

of structure-directing organic templates or by high-temperature Ing our studies in this area, we wish to report the synthesis and
solid-state synthesig ro?;tes P yhig P structural characterization of a series of phosphonate cage
A - : molecules of B, Al, Ga, and In. This series of compounds,
On the other hand, in the last few years there has been an P
increasing realization of the importance of devising soft chemical (4) Group 13 phosphonates/phosphates: (a) Estermann, M.; McCusker,

_ ; L. B.; Baerlocher, C.; Merrouche, A.; Kessler, Nature 1991, 352,
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Commun1994 2453. (c) Jones, R. H.; Thomas, J. M.; Huo, Q.; Xu,
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existing in the form of three-dimensional cubic cage structures,
possess a MD1,P, core that is analogous to the D4R (double-
four-tetrahedral-atom-ring) secondary building units (SBUs) of
AlIPO4 materials. A preliminary communication of this work
has already appearé®.While this paper was in preparation, a
few interesting structurally analogous soluble group 13 phos-
phonates were also reported by Mason (Al and B&jBarron
(Ga)}® and Kuchen (BY and their co-workers.

Results and Discussion

Synthesis The reaction between phosphonic acids RP(O)-
(OH), (R = Me, Et, t-Bu, Ph) and an equimolar quantity of
trialkyl derivatives of group 13 elements yield cubic phospho-
nates of the formula [RPMR’]s (1—18) in good vyields
(Scheme 1). In the case of Al, Ga, and In phosphonates, the
reactions are very facile in THF even at room temperature (or
in few cases at 68C), leading to good yields of the products.
When the synthesis of the borophosphonates were carried ou
under similar conditionse.g in THF at 65°C for 24 h), a
substantial amount of unreacted phosphonic acid was also
recovered from the reaction mixture. Hence, the syntheses of
borophosphonates starting from BEtere carried out using
high-boiling solvents (a toluene/1,4-dioxane mixture, 1:1) and

(8) (a) Ritter, U.; Winkhofer, N.; Murugavel, R.; Voigt, A.; Stalke, D.;
Roesky, H. WJ. Am. Chem. S0d 996 118 8580. (b) Montero, M.;
Voigt, A.; Teichert, M.; Usa, |.; Roesky, H. WAngew. Cheml995
107, 2761; Angew. Chem., Int. Ed. Engll995 34, 2504. (c)
Chandrasekhar, V.; Murugavel, R.; Voigt, A.; Roesky, H. W.; Schmidt,
H.-G.; Noltemeyer, MOrganometallicsL1 996 15, 918. (d) Voigt, A,;
Murugavel, R.; Parisini, E.; Roesky, H. \ngew. Cheml996 108
823; Angew. Chem., Int. Ed. Engl996 35, 748. (e) Montero, M.;
Usm, |.; Roesky, H. W.Angew. Chem1994 106, 2198; Angew.
Chem., Int. Ed. Engl1994 33, 2103.

(9) Yang, Y.; Schmidt, H.-G.; Noltemeyer, M.; Pinkas, J.; Roesky, H
W. J. Chem. Soc., Dalton Tran$996 3609.

(10) Walawalkar, M. G.; Murugavel, R.; Roesky, H. W.; Schmidt, H.-G.
Organometallics1997, 16, 516.

(11) Mason, M. R.; Matthews, R. M.; Mashuta, M. S.; Richardson, J. F.
Inorg. Chem 1996 35, 5756.

(12) Mason, M. R.; Mashuta, M. S.; Richardson, JARgew. Cheml 997,
109 249; Angew. Chem., Int. Ed. Endl997, 36, 239.

(13) Keys, A,; Bott, S.; Barron, A. Rl. Chem. Soc., Chem. Comm896
2339.

(14) Dimert, K.; Englert, U.; Kuchen, W.; Sandt, Angew. Chem1997,
109 251;Angew. Chem., Int. Ed. Endl997, 36, 241.
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longer reaction periods (48 M. The change of ethyl groups
on boron tosecbutyl groups further slows the reaction rate,
and hence the reactions involving B(B)s-were carried out in
a toluene/1,4-dioxane mixture typically for more than 55 h under
reflux conditions. Under these forcing conditions, however, a
slight decomposition of the reaction products was observed.

During the reactivity studies of an anionic lithium gallium
phosphonate cage moleculesMeGa)(us-O)(t-BuPGs)g] -
4THF (A) (derived from LiGaMg andt-BuP(O)(OH)),16 we
also discovered that it is also possible to quantitatively prepare
the cubic gallophosphonatel by a delithiation reaction of
in the presence of 12-crown-4 and®as shown in Scheme 2.
The details of this investigation are described elsewkHere.

It should be emphasized that, although in principle other
synthetic routes can be used for the preparation of cubic
phosphonate¥, in our hands, the alkane elimination reaction
between the group 13 trialkyls and an acidic hydrogen contain-
ing compound as shown in Scheme 1 proved to be the most
facile route for synthesizing the title compounds in good yields.
Moreover, the workup procedure in this case is very simple
and most of the products were normally isolated in an
analytically pure form after washing the crude reaction product
with either coldn-hexane or THF depending upon the solubility
of the final product. In the case of borophosphonatét is
possible to obtain the pure product as single-crystals in almost
quantitative yield after crystallizing the crude product from
n-hexane. With the exception of indium compouri$s-16,
all other phosphonates described here can be handled in air
without any detectable decomposition for sufficiently long

eriods. When the indium phosphonates were left open in air
or extended periods, a considerable amount of decomposition
was observed, as evidenced B NMR spectroscopy.

Spectra The new phosphonates—18 have been fully
characterized by means of analytical and spectroscopic (El MS,
IR, and NMR) techniques. Single-crystal X-ray diffraction
studies were carried out to establish the solid-state structures
of representative examplesBuPG;BEL]4 (3) and t-BuPGs-
BBu-s|4 (7). Selected spectroscopic data obtained on these
compounds are gathered in Table 1. The compounds that
contain bulky alkyl groups either on phosphorus (&) or
on group 13 metals (e.g., BBs-AlBu-i, or AlIBu-t) yield
phosphonates that are completely soluble in all common organic
solvents. On the other hand, the phosphonates that contain only
phenyl or methyl groups as substituents show poor solubility,

(15) Although this observation contrasts with the instantaneous reaction
betweentert-butylphosphonic acid and aluminum/gallium alkyls at
ambient temperatur¥, it is consistent with the higher reactivity of
the Al-C bond compared to the-BC bond.

(16) Walawalkar, M. G.; Murugavel, R.; Voigt, A.; Roesky, H. W.; Schmidt,
H.-G.J. Am. Chem. S0d.997 119 4656.

(17) Other synthetic routes known for group 13 phosphonates: Meison
al. have used the reaction between the silyl phosphate ester P(O)-
(OSiMe3)3 and t-BUAICI, to prepare the cubic aluminophosphate
[(OSiMe3)POsAIBuU-t] 4; likewise, Kuchenet al. employed the same
strategy to preparg-BuPQ;BPh].
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Table 1. Selected Physical, Analytical, and Spectroscopic Data for Cubic Metallophosphonates

yield, C.Hanal., % IR (W(M—O—P))a 31p NMR,
compound % mp,°C found calcd cm? EI MS m/z ppm ref

[MePOsBEt]4 (1) 82 >310 274,63 26.9,6.0 1070, 1087 507%(M Et, 40%) d this work
[EtPOSBEL], (2) 85 210dec 32.6,6.8 325,6.8 1069, 1108 563 (MEt, 100%) 33.8  this work
[t-BUuPGBEL]4 (3) >95 311 41.6,8.2 41.0,8.0 1080, 1097 675" (M Et, 100%) 7.8 this work
[PhPQBEL]4 (4) 90 >280 48.8,5.2 49.0,5.2 1072, 1087 755%(M Et, 60%) 19.3 this work
[MePO;BBuU-g)4 (5) 66 >250 36.8,74 37.1,75 1055, 1093 591*M Bu, 80%) 319 this work
[EtPO;BBU-5]4 (6) 72 >250 40.3,8.0 41.0,8.0 1056, 1092 6471(M Bu, 100%) 346  this work
[t-BuPQBBuU-g, (7) 80 283 475,89 47.1,8.9 1033, 1097 759"(M Bu, 40%) 6.7 this work
[PhPQBBuU-g]4 (8) 77 280dec 54.0,6.3 53.6,6.3 1071, 1086 839 (MBu, 100%) 17. this work
[t-BuPQBPh], 14 300dec 53.4,6.2 53.6,6.3 897 (M, 100%}) 9.3 14

[MePO;GaMel, (9) 85 >280 14.6,3.8 134,34 1055, 1090 7011(M Me, 70%) d this work
[EtPO;GaMel, (10) 80 >280 19.1,43 18.7,4.2 1064, 1085 757(M Me, 60%) 17.4 this work
[t-BuPGGaMel, (11) 88 >280 28.0,5.7 27.2,55 1030, 1073 8691(M Me, 100%) 21.0 this work
[PhPQGaMe], (12) 75 250dec 35.6,3.5 34.9,3.3 1040, 1070 949 (MMe, 100%) d this work
[PhPQGaBui]4 88 42.4,5.1 425,50 1075 (M- Bu, 100%) 3.2 12

[MePQsInMe], (13) 60 >280 11.0,3.2 10.7,2.7 1040, 1095 880%(M Me, 100%) d this work
[EtPGsInMe]s (14) 62 >280 156,39 151,34 1034, 1123 9371M Me, 100%) d this work
[t-BuPQInMe], (15) 55 >250 23.0,47 226,45 1045, 1074 1049'(M Me, 70%) 318 this work
[PhPQINMe]4 (16) 51 >300 29.6,35 294,28 1025, 1097 1129(M Me, 60%) d this work
[t-BUPGAIBU-i]4 (17) 75 1070, 1090 824 (M— Bu, 100%) 16.9 this work
[MePOsAIBuU-1], (18) 65 >280 655 (M — Bu, 100%) 12.0  this work

aRecorded as Nujol mulls between KBr/Csl plateRecorded at 70 e\£.Reference 85% §PQ,. ¢ Poor solubility precludedP NMR analysis.
€In CeDg/THF. fIn CsDs. 91n CDCls. " DCI-MS spectrum.

the integratedH NMR intensities reveal that there is only one
alkyl group remaining on the metal (B, Al, Ga, or In). The

)

f
. dy C/C'ﬁ . protons of these alkyl groups attached to the metals show, as
(HsC)sC, OQH/ o expected, a high-field shift. The protons of the phosphorus
/'/° /B\ cHs substituents show coupling to the phosphorus centers to which

they are bonded. Particularly interesting are the obsetied
NMR spectra for the borophosphonates derived from B§Bu-
(Figure 1). Due to the presence of a vicinal chiral center, the
geminal methylene protons ihare nonequivalent and appear
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Figure 1. 'H NMR (400 MHz, CQCl,) spectrum of7. Me™ But

and hence it has not been possible to obt#MNMR chemical
shifts in these cases (Table 1). as two separate complex multiplets (0.98 and 1.57 ppm,
As it is evident from Table 1, all the cubic phosphonates are respectively). The resonance of the methylene proton appears
thermally stable and do not melt below 280. In most cases, as broad high-field multiplet (0.33 ppm) as a result of coupling
the compounds were found to either melt or decompose only with boron and other protons of theecbutyl group. The
above 280°C. Further, it is of interest to note that under various coupling constants for this resonance are unresolved
electron impact mass spectral conditions (70 eV), the cubic coreeven at 400 MHz. The methyl groups of teecbutyl group
in these moleculesl-18) remains intact. In all cases, the peak appear as a doublet and a triplet (0.82 and 0.88 ppm,
due to the M — R’ fragment is observed as the most prominent respectively). In the case of borophosphonates fBeNMR
peak (often base peak) apart from the presence of molecularspectra show a single broad peak for all the four boron nuclei
ion (M™) peaks in a few cases with a lower intensity. The in the molecule.
subsequent fragmentations are due to the loss of alkyl groups Although it has not been possible to obtain i@ NMR
from the group 13 metals. The IR spectra are devoid of any shifts for all the compounds because of poor solubility, the
absorptions in the region 3083500 cnT?, indicating complete observed!P NMR chemical shifts of these compounds show a
reaction of all P-OH groups with MR'. Further, all the periodic trend. In some cases, the spectra were recorded in a
metallaphosphonates show two very strong absorptions betweemnixture of solvents (THF 90%/#Ds 10%) for solubility reasons.
1030 and 1110 cmi that are assignable to(P—O—M) In the case of indium phosphonates, it was difficult to obtain
vibrations (Table 1). These vibrations are also observed asgood NMR spectra because of the presence of many minor
prominent peaks in other transition metal containing phospho- soluble impurities, and hence the compounds were repeatedly
nates synthesized by us. washed and crystallized with cold pentane to obtain the NMR
The'H NMR spectral data are consistent with the structure samples. It was also not possible to obtain analytically pure
of the products. In all cases where spectra could be obtained,samples for the indium phosphonates (Table 1).
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Table 2. Selected Bond Lengths (A) and Angles (deg) Tor

P(1)-0(3) 1.492(6) P(150(1) 1.494(5)
P(1)-0(2) 1.497(6) P(2}0(4) 1.490(6)
P(2)-0(6) 1.494(5) P(2}0(5) 1.499(5)
P(3)-0(7) 1.495(5) P(3}0(9) 1.500(5)
P(3}-0(8) 1.499(5) P(4)0(10) 1.498(5)
P(4)-0(11) 1.503(5) P(4Y0(12) 1.506(5)
B(1)-0(1) 1.467(9) B(1}-0(4) 1.482(11)
B(1)—0(7) 1.483(10) B(1)}C(21) 1.591(11)
B(2)—0(10) 1.453(10) B(2}0(2) 1.483(10)
B(2)—0(5) 1.484(10) B(2)}C(41) 1.577(12)
B(3)-0(11) 1.452(10) B(3}0(8) 1.487(9)
B(3)—-0(3) 1.493(10) B(3)}C(61) 1.574(11)
B(4)—0(6) 1.467(10) B(4}0(9) 1.468(9)
B(4)—0(12) 1.473(9) B(4}C(81) 1.582(11)

O@B)-P(1-O(1)  110.4(4) O@BFYP()-0@2)  111.6(4)
O(1-P(1}-0(2)  113.1(4) O(@YP(1)-C(11) 107.0(4)
O(1)-P(1-C(11)  107.43) O(P(1)-C(11)  107.0(3)
O(1-B(1)-0(4)  109.2(6) O(1}B(1)-O(7)  107.4(6)
O(4)-B(1)-O(7)  107.4(6) O(1}B(1)-C(21) 111.5(7)
O(4)-B(1)-C(21) 110.7(7) O(AB(1)-C(21) 110.6(7)
B(1)-O(1)-P(1)  147.4(5) B(2YO(2-P(1)  147.5(5)
B(3)-O(3)-P(1)  146.2(5) B(L}O(4)-P(2)  147.1(5)
Figure 2. Molecular structure of the cubic borophosphonate B(2)—-O(5)-P(2) 146.6(5)  B(4rO(6)—P(2) 148.5(5)
B(1)-O(7)-P(3)  146.9(5) B(3}O(8)-P(3)  147.4(5)
B(4)-O(9)-P(3)  1482(5) B(2)O(101-P(4)  148.9(5)
B(3)-O(11)-P(4) 148.2(5) B(4}O(12-P(4)  146.6(5)

defined as the central core which comprises four boron and four
phosphorus atoms occupying the alternate vertices. Each of
the B--P edges of the polyhedron is bridged by an oxygen atom
in auo-fashion, which results in the formation of six nonplanar
B,0O4P, eight-membered rings. Each of these eight-membered
rings adopt a pseudd, crown conformation (Figure 3). While
the two B and two P atoms are coplanar, the four oxygen atoms
of the ring form another almost parallel plane just above the
former plane. The periphery of the centraf®,P, polyhedron
is surrounded by hydrophobic alkyl grougerf-butyl and ethyl
or secbutyl), explaining the high solubility o8 and 7 in
common organic solvents.
The bond parameters @fcompare well with those observed
The comparison of'P chemical shift data is hence made from for 3. Selected bond lengths and angles are listed in Table 2.
the spectra obtained for thert-butylphosphonic acid derived  There are no formal PO and P=O bonds in the molecule. In
boron, aluminum, gallium, and indium phosphonates (com- case of7, the observed average-® bond length (1.50 A) is
pounds3, 17, 11, and 15, respectively) whose spectral values much shorter than a formal-f0 bond (1.59-1.60 A) and
are listed in Table 1. As can be seen from Table 1, the chemical considerably longer than a forma=® bond (1.45-1.46 A)18
shifts of all metal-containing phosphonates are high-field-shifted Moreover, the observed values are slightly shorter than tH@ P
compared to that ofert-butylphosphonic acid 42.4 ppm).  distances found in many phosphates and phosphonates {1.506
The highest shift was observed in the case of borophosphonate] 543 A)4 The average BO distance in the molecule is 1.47
3 (6 7.3 ppm,Ad = 35.1 ppm), while the least high-field shift A The observed BO distances ir7 are much longer than

Figure 3. Shape of the core 8:,P, polyhedron in7 also revealing
the C4-crown conformation of the faces of the cube.

was observed for the indium compoub8 (6 31.1 ppmAd =
11.3 ppm). In the case of-BuPO;BELt], and t-BuPO;BBu-

those found in the eight-membered ring borosiloxarBu-
SiOBPhL (average 1.35 AY and other borosiloxan&sbut

s]4, the observed chemical shifts compare well with that reported comparable to the values found iruPQ:BPh], (average 1.46

for [t-BuPQ;BPh], (6 9.3 ppm)i4
Crystal Structure Descriptions for 3 and 7. In order to

A).24 The average BO—P angle (147.9 is comparable to

the M—O—Si angles found in many of the cubic heterosiloxanes

further ascertain the solid-state structures of these compoundsdescribed in the literature. The B and P atoms adopt nearly

single-crystal X-ray diffraction studies were carried out on ideal tetrahedral geometries with the average angles around them
borophosphonate8 and 7. In a previous publication, the being 109.4 and 109°4respectively.

molecular structure oft{BuPQAIBu-i]4 (17) was describedl. A structural comparison of the cubic borophosphonatasd

The cubic borophosphonaierystallizes in the centrosymmetric 7 ith other group 13 cubic phosphonates recently described is
tetragonal space grougy/a with one-fourth of the molecule in - jystrated in Table 3. Unfortunately, the data remain incomplete

the asymmetric part of the unit cell, while borophosphorate  \yithout a crystal structure determination for a cubic indium-
crystallizes in the centrosymmetric triclinic space gr&pwith

one full molecule in the asymmetric unit. The final refined
molecular structure of is shown in Figure 2, and the central
B—O—P framework is depicted in Figure 3. The details of
molecular structure determination 8thave been described in
detail elsewhere in a preliminary communicatidn.in the
structure of both3 and 7, a cube-shaped polyhedron can be

(18) Corbridge, D. E. C.The Structural Chemistry of Phosphorus
Elsevier: Amsterdam, 1974.

(19) Mazzah, A.; Haoudi-Mazzah, A.; Noltemeyer, M.; Roesky, H.ZV.
Anorg. Allg. Chem1991, 604, 93.

(20) (a) Foucher, D. A.; Lough, A. J.; Manners)riorg. Chem 1992 31,
3034. (b) Feher, F. J.; Budzichowski, T. A;; Ziller, J. Worg. Chem
1992 31, 5100.
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Table 3. Comparision of Molecular Structural Parameters of Cubic Group 13 Phosphonates

structural feature t{BUPOBEL]4 [t-BuPOBBuU-s, [t-BuPGBPh), [t-BUPGAIBU-i]4 [PhPQGaButi],4
space group 14,/a P1 P2i/c 14/a P1
polyhedral shape cubic cubic cubic cubic cubic
M204P; ring conformn C4-crown C4-crown C4-crown C4-crown C4-crown
P—0 length (av), A 1.50 1.50 1.50 1.52 1.51
M—0 length (av), A 1.47 1.47 1.46 1.76 1.85
P---M length (av), A 2.85 2.85 2.84 3.17 3.22
P---P length (av), A 3.92 3.93 3.93 4.42 4.42
M---M length (av), A 4.12 4.13 4.15 4.56 4.69
body diagonal (av), A 4.93 494 4.92 5.50 5.57
P—O—M angle (range), deg 146-1149.3 146.2-148.9 140.7154.0 147.5-154.9 135.6-175.2
P—O—M angle (av), deg 147.8 147.5 146.8 150.5 150
ref this work this work 14 9 12
Scheme 3 aluminum-, gallium-, and indium-containing phosphonates
through a facile alkane elimination reaction. The structural
Q similarities of the central M/O/P framework in these molecules
B o R "B“\P/O\B, to the basic structural units found in cloverite, ULM“5and
o} B 0’ : gallophosphate-# offer the possibility of using this class of
Et oot 0.0 Et.go—O~p-0)\ . . i
/ Otgu™| O  phenol / dgiyme | Otgu™| O compounds for the preparation of boron-, aluminum-, gallium-,
Ety o} g —  oFy o/F',\ and indium-containing phosphonate molecular sieves under mild
\ OO TBut \ o 0'/ g Bt conditions using setgel techniques. We also plan to investi-
tay —0—B8g e gate the use of these compounds as secondary building units in
3 19 synthesizing supramolecular group 13 phosphate structures

through cage fusion reactions utilizing the reactive-®bonds
containing phosphonate. So far, our attempts to crystallize an|ocated on the four vertices of the cube under forcing conditions.
indium compound have been unsuccessful. As can be seen fromvoreover, owing to the well-known use of oligophosphate-based
Table 3, the size of the central cubic core increases on goingporon compounds in boron neutron capture therapy (BNET),
from borophosphonates to gallophosphonates. For example,it should also be possible to extend the chemistry described in
while the average length of the-BP edge of the cube is 2.85  this paper to develop new water-soluble borophosphonate
Ain 3and7, the Ga-+P distance in [PhP§BaBut]4 is 3.22 A. superstructures and study their use in cancer therapy.
Similarly, the average lengths of the face diagonals in the
and P--P directions increase on going from B to Ga (Table 3). Experimental Section
The length of the body diagonal in the cage of Ga compounds
is ca. 0.63 A longer than the corresponding values observed in
the case of borophosphonates. Another interesting structural
feature that stems from the data in Table 2 is the very small
change in the M-P, M:--M, P---P, and body diagonal distances
between the aluminum and gallium derivative8PQAIBuU-

General Information. All experimental manipulations were carried
out under a dry, prepurified nitrogen atmosphere, using Schlenk
techniques and rigorously excluding moisture and“aithe samples
for spectral measurements were prepared in a drybox. Solvents were
purified by conventional procedures and were freshly distilled prior to
use?® All H and3P NMR spectra were recorded on a Bruker AM
i]2 and [PhP@GaBut]s. In short, the changes observed in the 200 or a Bruker AS 400 instrument. The chemical shifts are reported
size of the cubic core on going from B to Al are more in ppm with reference to SiMe(external) for'H and to 85% HPO,
pronounced than the corresponding changes observed on goindexternal) for®P nuclei. The upfield shifts from the reference are
from Al to Ga. negative. IR spectra were recorded on a Bio-Rad Digilab FTS7

Reactivity Studies. Owing to its good isolated yield and spectrometer (only strong absorptions are reported; vide infra). Mass

ease of purification, compourgiwas chosen for the reactivity =~ SPectra were obtained on a Finnigan MAT system 8230 or a Varian
studies. The B-C bonds of compoun@ do not react either MAT CH5 mass spectrometer. Melting points were obtained on an

. f . . . HWS-SG 3000 apparatus and are reported uncorrected. CHN analyses
with alcoho.ls' or with prlmary or secgndary amines in THF under were performed at the analytical laboratory of the Institute of Inorganic
reflux conditions. The reaction Gfwith a large excess of acetic  chemistry, University of Gtiingen.
acid under reflux conditions does not yield the expected acetate  giarting Materials. Methylphosphonic acid, ethylphosphonic acid,
derivative. The*’P NMR of the reaction mixture in this case  tert-butylphosphonic acid, and phenylphosphonic acid (Aldrich) were
reveals extensive decomposition of the starting material. Whendried under high vacuum prior to use. Triethylboron (1 M solution in
compound3 was reacted with phenol under reflux in high THF, Janssen), tsecbutylboron (Aldrich), diisobutylaluminum hy-
boiling solvents, the resulting material was analyzed to be dride (1 M solution in hexanes, Aldrich), trimethylgallium (Strem),

[t-BuPOsBEL]3[t-BuPG;B(OPh)] (19) (Scheme 3). However,
the conversion is less than 5%, as evidenced®¥y NMR

and trimethylindium (Strem) were used as received.
Synthesis of Borophosphonates [RPBEt], (1—4) and [RPO;BBu-

spectroscopy, even after reaction periods of 72 h. The El massSl4 (5—8). All borophosphonates were prepared by similar procedures.

spectrum of19 shows a peak due to M— Et atm/e739 with

the expected isotope pattern. The results of this experiment

clearly demonstrate that it is possible to functionalize the cubic
framework with appropriately chosen reagents (which would
however require forcing conditions). In the future, it should

be possible to adopt this strategy and link these cubic phos-

To a solution of the respective phosphonic acid (1 mmol) in toluene
(20 mL) and 1,4-dioxane (5 mL) was added slowly’'BR mL of 1 M
solution in THF, 1 mmol) via a syringe at room temperature, and the

(21) Loiseau, T.; Ferey, Gl. Solid State Chen1994 111, 403.
(22) Merrouche, A.; Patarin, J.; Soulard, M.; Kessler, H.; AngelroSymnth.
Microporous Mater.1992 1, 384.

phonates to prepare supramolecular phosphonate frameworks(23) Hawthorne, M. FAngew. Cheml993 105 997; Angew. Chem., Int.

Conclusion

In this paper we have demonstrated the use of commonly (35
available starting materials as precursors for framework boron-,

Ed. Engl 1993 32, 1033.
(24) Shriver, D. F.; Drezdzon, M. AThe Manipulation of Air-Sensité
Compounds2nd ed.; Wiley-Interscience: New York, 1986.
Perrin, D. D.; Armargeo, W. L. FPurification of Laboratory
Chemicals 3rd ed.; Pergamon: London, 1988.
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mixture was stirred for 2 h. No evolution of ethane gas was noted Table 4. Crystal Data and Structure Refinement Details Tor
during this period. The reaction mixture was subsequently heated under

reflux for 48 h (forl—4) or 55 h (for5—8), during which the evolution R\r?plrlcal formula 8?%&82284012&
of ethane gas ceased. After the reaction mixture was cooled, the solvent T 250(2)
was removed under reduced pressure at room temperature, the residuewayelength, A 0.710 73
was redissolved in a THF (6 mlgshexane (2 mL) mixture, and the crystal system triclinic
solution was cooled to yield analytically pure products. In the case of space group P1
the synthesis of, 2, and4, subsequent to the heating under reflux, the —a, A 10.678(2)
reaction mixtures were stirred for an additional 2 days. b, A 10.775(2)

Synthesis of Gallium Phosphonates [RP@BaMe], (9—12). All cA 21.171(4)
of these phosphonates were synthesized by similar procedures. To a & deg 77.19(3)
solution of RP(O)(OH) (1 mmol) in THF was added slowly a solution B, deg 80.14(3)
of GaMeg (1 mmol) in THF (5 mL) via a syringe at @C. The reaction Vs d%g 2835?"259(2
mixture was allowed to warm to room temperature, during which ' > 9(8)
evolution of methane gas ceased. In order to ensure the completion of D =3 1.159

. A . . calca 9°CM .

the reaction, the reaction mixtures were additionally heated under reflux . mn 2 0211
for 30 min, after which the volatiles were removiedvacua In the F(000) 880
case of11, the crude product was purified by crystallization from a  ¢rystal size, mm 1. 0.4% 0.2
THF/n-hexane mixture. The other derivatived (L0, and 12) were 0 range, deg 3.51t022.0
purified by repeatedly washing with cold THF. index range —11<h=<11,-11<k=<11,

Synthesis of Indium Phosphonates [RP@nMe] 4 (13—16). All —18=<1=<22
of these phosphonates were synthesized by similar procedures. To a no. of total refins 4934
solution of InMe (1 mmol) in THF (50 mL) was added slowly a no. of independent refins 434By = 0.081)
solution of RP(O)(OH) (1 mmol) in THF (5 mL) via a syringe at 0 refinement method full-matrix least-squaresfén
°C. The reaction mixture was allowed to warm to room temperature, data/restraints/params 4246/0/489
during which evolution of methane gas ceased. In order to ensure the Ei S% gai ggt(!a))) 000?8320022324
completion of the reaction, the reaction mixtures were additionally s ’ 1.660 T

refluxed for 1 h, after which the volatiles were removadvacua In

largest diff peak and hole; &3 0.976,—0.335
the case ofl5, the crude product was purified by crystallization from g P

a THFh-hexane mixture. The other derivativels3( 14, and16) were tropically, and the hydrogen atoms were placed in calculated positions

purified by repeatedly washing with cold THF. and refined isotropically. Other details pertaining to data collection
Synthesis of Aluminum Phosphonates 17 and 18Compounds and structure solution and refinement are listed in Table 4.

17 and 18 were prepared from the respective phosphonic acids and

Al(Bu-i)2H (for 17) or Al(Bu-t):*® (for 18) by a procedure similar to Acknowledgment. This work was supported by the Deutsche

that described for gallium phosphona®@s12. The products were

" . i Forschungsgemeinschaft, Witco GmbH, and Hoechst AG.
purified by cooling am-hexane solution te-20 °C.

; 4 ; . . Thanks are also expressed to Dr. U. Englert and the CCDC for
The yields, melting points, analytical data, and selected spectroscoplcth fracti | dinat f tal structurestaBiPOBPh
data for the new phosphonatds-18 are presented in Table 1. € Iractional coordinates of crystal structure iPQy k

Additional IR spectral data fot—17 are provided in the Supporting ~ @nd [PhP@GaBud],, respectively.
Information.

X-ray Structure Determination. Crystals of7 suitable for X-ray Supporting Information Available: A listing of additional IR
diffraction studies were grown from a dilute 3:1 toluembéptane spectral data forl—18 and tables of structure refinement details,
solution at room temperature over 72 h by slow evaporation. Intensity positional and thermal parameters, bond distances and angles, and
data were collected on a Siemens-Stoe AED?2 four-circle diffractometer anisotropic thermal parameters fo(8 pages). Ordering information
using anw—26 scan mode. The cell parameters were determined from is given on any current masthead page.
randomly chosen and well-centered high-angle reflections. The
structure solution (direct methods) and refinement (by full-matrix least- 1C970346J
squares calculations d¥f) were carried out using SHELXS-80and
SHELXL-938 programs. All non-hydrogen atoms were refined aniso- (27) Sheldrick, G. MActa Crystallogr., Sect. A99Q 46, 467.

(28) Sheldrick, G. M. SHELXL-93: Program for crystal structure refine-
(26) UhI, W. Z. Anorg. Allg. Chem1989 570, 37. ment. University of Gttingen, 1993.




