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Formation of Diphosphates. A NMR Study on the Mechanism and
Stereochemistry of Diphosphate Formation from Chiral
Dioxaphosphorinanes
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Abstract: During the use of chira?-oxo-1,3,2-dioxaphosphorinanas derivatizing reagents in the enantiomeric
excess determination of amines, alcohols, and unprotected amino acids, minor traces of side reaction products
were observed bjH and3P NMR spectroscopy. Analysis of the reaction mixture showed that the side products
are in factdiphosphatesnd severaintermediategeading to their formation. From an analytical, mechanistic,

and stereochemical point of view, the studyuofexpected neweaction intermediates leading to diphosphates

is of particular interest. Due to the easy structural modification of the starting materials in both enantiomerically
pure and racemic forms as well as easy access to oxygen-labeled materials for complete structural elucidation
of both intermediates and diphosphates, we accomplished a complete structural analysis. Also a mechanistic
proposal for their formation proved possible using 1D and2Dand 3P NMR techniques as well as the

X-ray data of both starting material and two of the products.

Introduction

Although the elucidation of the factors governing substitution
reactions at phosphorus is considered highly important for
various piological) pathway$? involving the phosphorus
nucleus, results have not led to conclusive interpretations with
respect to the mechanismaiphosphatdormation. One of the
first reports on the mechanism of diphosphate formation was
presented by Simpson and ZwierZatkescribing the condensa-
tion reaction betweer2-chloro-5,5-dimethyl-2-oxo-1,3,2-di-
oxaphosphorinanél) and2-hydroxy-5,5-dimethyl-2-oxo-1,3,2-
dioxaphosphorinane(2), leading to diphosphate3. Using
phosphoric methyl esterwith 180-labeling at the phosphoroxy
oxygen in the condensation reaction with chlorophosphorinane
1, it was established that the labeled oxygen was distributed
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between the bridged oxygen and one of the phosphoroxy
oxygens in diphosphat&, although in unequal amourts
(Scheme 1).

Two mechanisms were proposed for the formation3pf
involving initial attack of the oxo (route a) or alkoxy (route b)
oxygen. From the distribution of the labeled oxygeBiihwas
concluded that route b provided the largest contribution to the
formation of diphosphat8. Alternative mechanisms, based upon
ring-opening of the phosphorinane ring, were ruled out, since
earlier studies showed that 1,3,2-dioxaphosphorinanes are highly
reluctant toward ring-opening procesSes.

Cullis and co-workefsreinvestigated the SimpseZwierzak
experiments, using'P NMR techniques an8O-labeled materi-
als, and proposed an alternative mechanism for the formation
of diphosphate from 180-labeled chlorophosphorinadeand
hydroxyphosphorinan®, involving the formation ofdioxa-
diphosphetane8 and 9. In the process, Berry pseudorotation
(BPRY followed by ring opening and chloride elimination leads
to bridge-oxygen-labeled diphosph&a while “direct” elimi-
nation from intermediat@ results in P=O-labeled diphosphate
3b (Scheme 2).

It should be noted that more recent work suggested that
dioxadiphosphetaneare not involved in the formation of
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Scheme 1.Reaction Pathways dfO-Labeled Phosphoric
Ester4 and ChlorophosphorinarieLeading to Diphosphate
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diphosphates, the formation of which is suggested to proceed
via a straightforward nucleophilic substitution reactfon.
Considering the ambiguities in the mechanisms of diphosphate

Hulst et al.

of the phosphorinane ring systdotksone chair conformet?

The presence of the phenyl group not only leads to a much
higher chair-chair inversion energy barrier, but also causes a
significant energy difference between both chair conformers.
The presence of this stereocenter will also significantly direct
the stereochemical coarse of the displacement reaction at the
phosphorus nucleus itséff1* Moreover, both stereocenters
provide an additional mechanistic tool to obtain information
concerning the formation of diphosphéité.

Results and Discussion

A. Configuration of Chlorophosphorinanes 11 and 27 and
Esters 12 and Amides 13Since diphosphat&4 is formed as
a side product during the derivatization of chlorophosphorinane
11 by alcohols, amines, or amino acitsjetermination of the
configuration and conformation of the esté&and amided.3
products is also important for the stereochemical analysis of
diphosphate formation.

Besides the configuration and conformation of the substituted
phosphorinane ring system, substituents at phosphorus can
occupy either an axial or an equatorial position. The stereo-
chemistry of the substituted products and intermediates depends
on the initial orientation of the chlorine atom in derivatizing
reagent1ll as well as the conformational freedom of the
phosphorinane ring systefrifo establish the absolute config-
uration at the phosphorus centers after derivatization had taken
place, attempts were undertaken to obtain X-ray data on
chlorophosphorinand=j-11. Unfortunately, the X-ray analysis
of (R)-11 did not yield adequate resolution to allow full

formation proposed, several problems and questions remain to . e
be addressed: (1) It has not been possible so far to detect thdresentation. The analysis did, however, show both the expected

intermediates along the diphosphate pathway(s) directly. (2) It equatorial orientation of the phenyl moiety, locking one chair

is known that esters of 2-oxo0-5,5-dimethyl-1,3,2-dioxaphos-
phorinanes give rapid chaichair inversion at room tempera-
ture? precluding rigorous stereochemical analysis of the sub-
stitution process at the phosphorus center, ruling out the
possibility to analyze the stereoselectivity of formati@xiél

vs equatorialorientation of the bridged oxygen at both rings in
diphosphate3). (3) Can additional evidence be obtained for
possible competing pathways?

In this paper we report the application dfiral chlorophos-
phorinanellin aH and3!P NMR study on the mechanism of
diphosphate formation and provide unambiguous evidence for
competing pathways and various intermediates involved.

Chlorophosphorinan&l has been shown to be an excellent
derivatizing reagef? for the enantiomeric excess determina-
tion'! of chiral alcohols and amines via diastereoselective
conversion to the corresponding estdrd and amidesl3,
respectively (Scheme 3). Diphosphateis formed during this
reaction as a minor side product.

When compared to the compounds used by Zwierzak and
Cullis in diphosphate formation, chlorophosphorindriepro-
vides unique possibilities to gain important additional informa-
tion. The chair-chair inversion, which ruled out the possibility
to analyze the stereochemical course of substitution at phos-
phorus, i.e. equatorial vs axial orientation of the bridging
oxygens at both rings i3, does not play an important role,
since the equatorially oriented phenyl group at the 4-position
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conformation, and the axial placement of the chlorine atom,
observation of which can be explained by the anomeric effect
of the 1,3-adjacent oxygen atoms on the chlorine substitent.
The influence of the two oxygens lowers the energy contents
of the indicated configuration significantly, as confirmed by
MNDO and PM37 calculations that estimated/E of 8.6 kJ
mol~tin favor of the axial orientation of the chlorine substituent.
To overcome the resolution problem witR){11, an X-ray
analysis was performed on the closely relatdhlorine-
substituted analogues)-27 shown in Scheme 8. The analysis
clearly shows the equatorial orientation of the substituted phenyl
moiety, whereas the chlorine at phosphorus is axially oriented
(Figure 1).

The phosphorinane ring system establishepuae chair
conformation as indicated by the puckering parameterd 5.0-
(1)° and ® = 174.6(5)?! It is assumed that botHRf-11 and
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Scheme 2.Formation of Diphosphat8 via Dioxadiphosphetanesand 9
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Scheme 3. Chlorophosphorinan&l and the Product Esters
12, Amides13, and Diphosphaté4 (See the Text for
Explanation)
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(9-27 attain the same relative stereochemistry with an equatorial Figure 1. X-ray structure of chlorophosphorinang-¢7. Pertinent

; : ; ; A, deg) with su’s in parentheses: €I(7)
orientation of the phenyl group with regard to the axially placed Pond lengths and angles ( g
. oo , . P(1) 2.0008(6), O(2)P(1) 1.5689(11), O(6)P(1) 1.5673(10), O(8)
Cglo”?_?_ atdphospggrus, yielding the stereoisomeric products P(1) 1.4516(11), CI(AP(1)-O(2) 104.92(4). CI(7}P(1)-0(6) 104.55-
(R,R-11and &,R-27. , (4), CI(7-P(1)-0(8) 112.48(5), O(2}P(1)-0O(6) 106.13(5), O(2}
Several studies showed that the OR substituents at thep(l)_o(s) 114.23(6), O(6}P(1)-0(8) 113.65(6).

phosphorus atom of @R-2-oxo-1,3,2-dioxaphosphorinanes,

comparable with ester2, also show a preference for the axial  gyjgence for the orientation of the OR moiety could be obtained.
position, although equilibria exist in solution between the Therefore. an X-ray analysis was carried out 812, where
possible chair and twisted boat conformers if the substituents g g (R)-2-’pheny|-1-propy| (Figure 2 '

at the phosphorinane ring system are small and the preference The X-ray analysis shows the phosphorinane ring system to

for one chair conformer is limitetf1° Although MNDO and ; . S ,
. - adopt a pure chair conformation (as indicated by the puckering
PM3 calculations showed that foB,R-12, where R is R)-2- parameterd = 14.3(4} and® = 198(2F)2 with the phenyl

phenyl-1-propyl, the equatorial orientation of the OR moiety is moiet : : :
1 - . y equatorially placed and the ester group axially aligned,
more stable AE 4.2 kJ mof?), the differences are small and it indicating that the replacement of the chlorine atom fr@ (

is likely that twisted boat conformers do interf@r€hese results 11 proceeds with retention of configuration upon reaction with
were supported by temperature-dependéhtNMR measure- (R)-2-phenyl-1-propanol

ments with12 where large shift differences were found for both Amine substituents are generally accepted to favor the

diastereotopic protons at the Gldarbon as a function of the cquatorial positio? These assumptions are partly based upon
temperature. Also a total collapse of the AB system originating quatorial positior: umpti € partly J up
the minimized interference of the lone pair electrons situated

from the diastereotopic GHprotons was observed in the N nitrogen with the nonbonding electrons of the endocvcli
phosphorinane ring system at higher temperatures, indicating a° 0ge € nonbo g electrons of the endocyclic

large conformational freedom for the phosphorinane ring itself. (22) Bentrude, W. G.; Hargis, J. H. Chem. Soc., Chem. Commu69
Unfortunately, from 2D NOESY NMR spectra no conclusive 1113. Dale, A. JActa Chem. Scand.972 26, 2985.
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Figure 2. X-ray structure of §,R-12, where R is R)-2-phenyl-1-
propyl. Pertinent bond lengths and angles (A, deg) with su’s in
parentheses: O(3)P(1) 1.444(4), O(2yP(1) 1.561(4), O(3yP(1)

1.571(4), O(4¥-P(1) 1.569(4), O(BP(1)-0(2) 116.8(2), O(1P(1)- Figu_re 3. X-ray structure of R,9-13, where R is §)-1-pher_1yl-1—ethyl.
0(3) 112.1(2), O(1}P(1)-0(4) 113.4(2), O(2YP(1)-0(3) 106.9(2), Pertinent bond lengths and angles (A, deg) with su’s in parentheses:
0(2)-P(1)-0(4) 101.3(2), O(3}P(1)-O(4) 105.23(19). O(1)—P(1) 1.473(3), O(2yP(1) 1.577(4), O(3yP(1) 1.596(3), N(1y

P(1) 1.597(5), O(LyP(1)-0O(2) 113.5(2), O(LyP(1)-0(3) 114.8(2),
oxygen atom$3 Moreover, ais-like orientation of the NHbond ~ O(1)—P(1)-N(1) 113.2(2), O(2)yP(1)-0(3) 101.88(18), O(2)P(1)~
toward the phosphoroxy bond is viable, which is also energeti- N(1) 106.2(2), O(3)-P(1)-N(1) 106.3(2).
cally favorable. In contrast to the esters, NMR analysiso§t upon the exact mechanism of their formation can best be
13, where R is §)-1-phenyl-1-ethyl, clearly indicated the chair  obtained starting from chlorophosphorinan®)-1 and (if
conformation to be present in solution with both the phenyl desired) the corresponding hydroxyphosphorind®els. The
group and the amine substituent oriented equatorially. Thesereaction between these compounds leads exclusively to the
findings were based upon tié coupling constants of both  formation of diphosphateR;R-14 and intermediates without
axial protons in the phosphorinane ring systéda(~ 2 Hzy* interference of the esters and amides formed upon derivatization
as well as a strong intramolecular NOE contact between theseof 11 with alcohols, amines, or amino acids. The intermediates
protons, showing that the phosphorinane ring adopts a chairleading to the formation of diphospha®,R-14 are, however,
conformation with the phosphorinanphenyl group equatorially  completely identical upon the omission of alcohols, amines, and
oriented. Moreover, the benzylic proton at the exocyclic amino acids, although the presence of these materials does
stereogenic center showed an intramolecular NOE contact withclearly influence the rate of formation of both the intermediates
the axial methyl group of the phosphorinane system, which is and diphosphateR,R-14.
only possible if the amine substituent is oriented equatorially.  Synthesis of Starting Materials. The reactive chlorophos-
This assumption was confirmed by an X-ray analysis (Figure phorinane R)-11 can be prepared in low yielélfrom hydroxy-

3). phosphorinaneR)-15 upon treatment with Pglor from (R)-

As expected, the phosphorinane ring system establishes a purghencydiol R)-16 after reaction with POGI followed by
chair conformation (as indicated by the puckering parameters repeated crystallization of the produéfsAlternatively, R)-11
6 =177.3(5) and @ = 306(10y, with the amine substituent  can be prepared within a few minutes quantitatively from the
aligned equatorially, (somewhat) distorted toward bisecting (the readily available hydrogerphosphorinaneR)-17 after reaction
angle between the PN bond and the normal of the ring  with EtzN and CC}26-28 (Scheme 4). The last sequence is used
puckering plane amounts to §3indicating that the replacement  ynless stated otherwise.

of the chlorine atom fromR)-11 proceeded with inversion of The orientation of the hydrogen atom at the phosphorus
configuration upon reaction withS[-1-phenyl-1-ethylamine.  nucleus in R)-17 is proven to be axial, on the basis of NOE

Also the nearly perfectistype arrangement of the NH interactions between this proton and the (axially oriented)
phosphoroxy orientation is clear (dihedral angle )68 protons at positions 4 and 6 in the phosphorinane ring system

From these and other data not presented, it is suggested thagnot shown).
oxygen nucleophiles react with retention of configuration atthe  Synthesis of hydrogenphosphorinane R)-17 using 180-
phosphorus nucleus iiR}-11, whereas amine nucleophiles react |abeled water yield&0-labeled R)-17 and [R)-11 (not shown)
with complete inversion. In the esters the OR moiety is oriented with labeling in the phosphoroxy oxygéh.The 180-labeled
axially, allowing great conformational flexibility of the phos-  phosphorinanes proved to be very useful for reaction pathway
phorinane ring system, whereas the amines are aligned excluidentification (vide infra).
sively equatorially, resulting in a much more rigid conformation. 25) Ton Foove, W., Wynbergl Org. Chem 1985 50, 4508

. . ve, o . . 3 .

B._ Formation of Diphosphate R)-lé}.AIthough _sma}ll trgces (26) Hulst, R.; Zijlstra,yR. ARE gde Vries, N. K.. Feringa, B. L.

of diphosphateR)-14 are formed during the derivatization of  Tetrahedron: Asymmetry994 5, 1701.

alcohols, amines, and amino acids usiR)r11,1° information (27) Hulst, R.; de Vries, N. K.; Feringa, B. lAngew. Chem., Int. Ed.
Engl.1992 31, 1092. Hulst, R.; de Vries, N. K.; Feringa, B. Tetrahedron
(23) Bentrude, W. G.; Tan, H. WI. Am. Chem. Sod 972 94, 8222. 1994 50, 11721.

(24)3Jpn coupling constants for these benzylic protons are 2 Hz typically, (28) This procedure was first described in general by Atherton, F. R.;
whereas the equatorial and axial protons at the 6-position of the dioxaphos-Openshaw, H. T.; Todd, A. Rl. Chem. Sacl945 660.

phorinane ring havéJey coupling constants of 25 Hz for the former and 2 (29) This procedure can also be used to determiné&decontents of
Hz for the latter. This is in agreement with the earlier reported coupling 180 target water using’P NMR techniques: Hulst, R.; Feringa, B. L.;
constants for the chair conformation of 2-substituteteid-butyl-1,3,2- Siertsema, H. K.; Franssen, E. J. F.; Visser, G. M.; Vaalburg Appl.

dioxaphosphorinanées. Radiat. 1s0t.1994 10, 1049.
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Scheme 4. Synthesis of Chlorophosphorinane and
Hydrogen-PhosphorinaneR)-11 and R)-17
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Possible Pathways for the Formation of Diphosphate
(R,R)-14. The formation of diphosphateR(R-14 from (R)-
phencyphos chlorophosphorinai®-(1 appears to be sensitive
to several factors. The addition of a catalytic amount of the
corresponding hydroxyphosphorinang)-(L5 leads to a rate
enhancement of the formation dRR-14. Also, when water
is not vigorously excluded, formation dR(R-14is more rapid
compared to the reaction under perfectly dry conditions. Since
the processes showed complex dependencies on several oth

factors such as solvent, concentration, and temperature, the

discussion will focus on theualitative analysis of the formation
of diphosphateR,R-14.

The attack of deprotonated hydroxyphosphorind®elt at
chlorophosphorinandsj-11is assumed to proceed in the same
manner as the addition of other oxygen nucleophiles, resulting
in the formation of a five-coordinated phosphorud)(inter-
mediate®®31Commonly, P structures have trigonal bipyramidal
geometry (TBP¥232 although distortions toward a square-
pyramidal (SP) geometry have also been repottedh the
trigonal bipyramid, the two axially oriented ligands have slightly

longer and weaker bonds than the three equatorial ligands,

resulting in different chemical behavior. The differences can
be explained in terms of hybridization; phosphorus has pd-
hybridization along thez-axis and sghybridization in the
equatorial plane. According to the theory introduced by West-
heimer3? nucleophiles attacking the phosphorinane substrate
initially occupy an axial site in the Ptrigonal bipyramid.
Furthermore, it is always an axially oriented ligand that is
expelled upon conversion of the/ Rystem to the phosphate
stage. P-TBP systems show a highly fluctional behavior,

(30) For a review concerning phosphorous stereochemistry, see: Hall,
C. R.; Inch, T. D.Tetrahedron198Q 36, 2059.

(31) Lemmen, P.; Baumgartner, R.; Ugi, |.; RamirezJhemica Scr.
1988 28, 451.

(32) Gorenstein, D.; Westheimer, ¥.Am. Chem. S0d.967, 89, 2762.
Westheimer, FAcc. Chem. Red968 1, 70. Kluger, R.; Covitz, F.; Dennis,
E.; Williams, L. D.; Westheimer, FJ. Am. Chem. Sod 969 91, 6066.

(33) Mislow, K. Acc. Chem. Red97Q 3, 321.

(34) Lukenbach, R.Dynamic Stereochemistry of Pentacoordinated
Phosphorous and Related Elementhieme: Stuttgart, 1973.
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usually designated as pseudorotation (BPR, Berry Pseudo-
Rotation)? in which the five ligands are rapidly distributed over
the five sites in the trigonal bipyramid. In this process, two
equatorial and two axial ligands interchange their positions via
an intermediate SP structure, whereas one (equatorial) ligand,
the pivot, retains its position.

Ramirez and UdP have proposed an alternative mechanism,
the so-called Turnstile Rotation (TR). In this mechanism, two
equatorial ligands move toward each other in the equatorial plane
until the angle has become @O he third equatorial ligand and
one axial ligand are moved by aboditf®llowed by an internal
rotation of the ligands 3 and 4 and of the three ligands 1, 2,
and 5. The results of the BPR and TR are exactly the same.
Calculations, however, have shown that the transition state for
TR is about 2-6 times higher in energy compared to the BPR.
Therefore, BPR is the most plausible ligand exchange mecha-
nism in phosphorinanes, and the TR is not taken further into
consideration during the following discussion.

The possible modes of addition d&)¢15to (R)-11are shown
in Scheme 5. The nucleophile, in this case the deprotonated
hydroxyphosphorinane (RQ (R)-15 enters the P-TBP at one
axial site, inducing an axial cleavage of the leaving gréuip.
is generally accepted that negatively charged oxygens can adopt
only equatorial sites in theVPTBP®” and that pseudorotation
can occur prior to the actual bond breaking, placing the proper
leaving groups in an axial position. In this way, the nucleophile
can approach from four different sites, although the attack of
RO~ on the phosphorus atom opposite the® bond is not
taken into consideration because teTBP formed will possess
a negatively charged oxygen in an axial position, which is
energetically unfavorable.

In path 1, the attack of the nucleophile takes place opposite
the P-CI bond; the dioxaphosphorinane formed in this way
spans diequatoriallyl®), which is regarded as being energeti-

Sally unfavorable’®® Subsequent elimination of chloride results

n the formation of diphosphat&4®—2d which is formed with
inversion of configuration with respect to the phosphorus
nucleus in the former chlorophosphorinane part of the molecule.
This leads to an axialequatorial orientatiof of the bridging
oxygen with respect to the phosphorus atoms as shown in
14ax—eq_

Attack of RO opposite the PO3; bond (path 2), resulting
in PY-TBP intermediatd.9, gives by cleavage of the axiaH®;
bond the acyclic phosphorinane die28rwhich is formed with
inversion of configuration with regard to the phosphorus center.
Pseudorotation of the WPTBP intermediatel9 leads to the
formation of another RTBP intermediate20 and to acyclic
24 or the cyclic producfi4®d—ed, Both products are formed with
retention of configuration at phosphorus. In diphosphbte
formed via this route, the bridging oxygen adopts an axial
axial orientation.

(35) Ugi, I.; Marquarding, D.; Klusacek, H.; Gokel, G.; Gillespie, P.
Angew. Cheml97Q 82, 741. Ramirez, F.; Pfohl, S.; Tsolis, E. A.; Pilot, J.
F.; Smith, C. P.; Ugi, |.; Marquarding, D.; Gillespie, P.; Hoffmann, P.
Phosphoroud 971, 1, 1.

(36) Gorenstein, D. G.; Powell, R.; Findlay,JJ.Am. Chem. Sod98Q
102, 5077. van Ool, P. J. J. M.; Buck, H. NEur. J. Biochem1982 121,
329.

(37) Holmes, R. RPentacoordinated PhosphorgusCS Mongraph No.
175; American Chemical Society: Washington, DC, 1980; Vols. | and I,
p 176.

(38) Yu, J. H.; Day, R. O.; Howe, L.; Holmes, R. Rorg. Chem1991],

30, 3132. Yu, J. H.; Sopchik, A. E.; Arif, A. M.; Bentrude, W. @. Org.
Chem 199Q 55, 3444. Yu, J. H.; Arif, A. M.; Bentrude, W. GJ. Am.
Chem. Socl99Q 112 7451. Day, R. O.; Kumara Swamy, K. C.; Fairchild,
L.; Holmes, J. M.; Holmes, R. Rl. Am. Chem. S0d 991, 113 1627.

(39) The equatorial or axial description refers to the orientation of the
P=0 moiety.
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Scheme 5. Possible Pathways for the Nucleophilic Attack of Hydroxyphosphorin& % at Chlorophosphorinand}-11 (See
the Text for Explanation)
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In path 3 attack of ROtakes place opposite the-®; bond.
The chloride leaving group is placed equatorially in theé P
TBP intermediate22 and can only be eliminated after pseu- [
dorotation to21, placing the chloride substituent in the axial ‘ !
position. Subsequent cleavage of the axial® or P—O3 bond
leads to the formation of the cyclic diphosphd##9—d or to
the acyclic phosphorinane es5, respectively. Both reactions
proceed with retention of configuration at the phosphorus atom.
Alternatively, direct cleavages of the axially oriented®; bond
in 22 leads to the formation of the acyclic phosphonate ester
26 with inversion of configuratiod?

Although not all routes are energetically favorable, the results
described by, e.g., Buck and co-worké?s sing analogous
systems and oxygen nucleophiles, showed that all products
mentioned could in principle be formed though unequally

distributed.
Formation of Diphosphate R,R)-14 from Phosphorinanes
(R)-11 and (R)-15.Using (R)-11, in situ derived from R)-17,26
and R)-15 (both 1.0 mmol), 0.1 mL of BN, and CC} dissolved ik Ml i I O o s M 1
in CDCl; (2 mL) or GDs, the formation of diphosphat®(R- -10 -15 ~20 -25 pem
14 is easily monitored by means 8P NMR spectroscopy  Figure 4. Decouplec’ NMR spectrum of the reaction mixture during
(Figure 4). the conversion off)-11and R)-15into diphosphateR,R-14 recorded

A total of three signals, two doublets, and a singlet, other after 30 min, CDG, [L] = 0.01.
than the signals belonging to the starting materials, are initially S .
observed by means &P NMR spectroscopy. The presence of Iocated. ato _.20'56. ppm, which is assigned t&’®'1.4 by
these products was also observed by meansHofNMR comparison with an independently prepared sample (vide infra).
spectroscopy, although the spectra appeared to be very comple%- he reactC;o_n Show?d %Igrge ten;lperatuore ang igl\;]ent depen-
due to extensive coupling and signal overlap. The pairs of signalsogncg arr: IS comp etﬁ etlwee dat 65. c ﬂn at .30 |
ato —16.29 and-22.20 ppm, showing an AB type of coupling di 'h Oth in_GDs. _T € .glny. product (|js t g dst)émzmeztrlca
(2Jpp = 33.0 Hz), are assigned to an intermediate with one of Ipd gé’p ateR,R)-ltA;, pOSS(Ij € ring-opened produds, 24, 25,
the structuresl8—22 (Scheme 5). The disappearance of this an were not observed.

pair of signals leads to an increase in intensity of the signal Especially f“.)m the decoupleeP NMR_spectra, itis (_)pwous
that the formation ofRR,R-14 proceeds diastereospecifically at
(40) Broeders, N. L. H(.j L.; Koole, L. H.; Budck, H.(IjVU. Am. Chem. the phosphorus center; otherwise, a total of four signals, two
Soc 199Q 112 7475. Broeders, N. L. H. L.; van der Heiden, A. P.; Peeters, i _
I Janssen, H. M.; Koole, L. H1. Am. Chem. Socl092 114 9624, 00UPIets and two singlets, would be expected. Thesym
Broeders, N. L. H. L. Ph.D. Thesis, University of Eindhoven, The Metrical axiat-axial coupled product4 yields only one

Netherlands, 1993. 31P NMR resonance, the equatoradquatorial coupled product
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Scheme 6.Possible Diastereomers of Diphosphaﬁﬂ-m
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o—P H
O o
14 eq-eq

142~ax glso yields one resonance, and the axejuatorial
bridged diphosphat&4®*~¢4 would give two resonances with
different chemical shifts and #pp AB coupling#! Scheme 6
shows the three possible diastereomeric prodiRiB{14.

The stereogenic benzylic center in the phosphorinane ring
provides an additional source of information concerning the

diastereoselectivity, since the formation of diphosphAdtrom
racemic starting material would lead to the formation of
diastereomers, twanesocompounds and d,| pair, provided

J. Am. Chem. Soc., Vol. 122, No. 13, 2000

phorinane R)-11 is envisioned to occur via the less hindered
face of R)-11, which is opposite the O3 bond. Therefore,
attack according to path 2 (Scheme 5) yielditas the first
intermediate is proposed to be the pathway followed, excluding
intermediate22.

Formation of Diphosphate 14 Derived from Starting
Materials Obtained from Different Sources. At this point,
both mechanisms proposed by Ciflliovide acceptable and
reasonably straightforward explanations for the observations
made. Less easily understood, however, is the observation that
14 is formed quantitatively when only a catalytic amount or
even no hydroxyphosphorina@é is available. The involvement
of (traces) crystal water could clearly explain these findings,
although chlorophosphorinaid is shown to be highly reluctant
toward straight hydrolysi® To establish a solid explanation,
several experiments were conducted using combinations of
racemic and enantiomerically putd and 15.

As indicated, the formation of free hydroxyphosphorinane
15 from chlorophosphorinangl is not likely to take place. If
hydrolysis is, however, of importance, the reaction between 1
equiv of (R)-11and 0.5 equiv ofH-15to form diphosphaté4

the coupling reaction is stereospecific with regard to phosphorus should provide important information. Hydrolysis d3)f11 to

as shown above. Therefore, diphosphafewould give two
signals in the decoupletiP NMR spectrum due to thék(R-

and §,9-diphosphates (both being symmetrical, giving one
signal only) and theR,S and S,R diastereomers (also sym-
metrical, yielding one signal). However, when the reaction is

(R)-15leads to the formation of bottR(9-14, from (§-15and
(R)-11, and R,R-14, formed from R)-11 hydrolyzed into R)-

15 and R)-11, both in products and intermediates. Both the
mesoform and thed,| pair of diphosphate4 are formed as
observed in théP NMR spectra, although not alR(-11 has

not stereospecific with regard to phosphorus, the diphosphatereacted after 24 h of reaction time at 3G in CeDs. These

can be formed with a total of 12 different configurations (6
pairs). Ad,l or mesaopair with an equatorially oriented=FO in
both ring systems, d,l or mesopair with both P=O groups
axially oriented, and ad,| or meso pair with one P=O
equatorially and one=PO group axially positioned®

By using racemicll and 15, all of the 3P NMR signals

results suggest the interference of (traces of) crystal water in
the reaction medium, although the exact role remains unclear
at the moment.

Next, the conversion ofR)-11 was followed with chloro-
phosphorinane obtained from different sources. It makes a
considerable difference whetheR){11 is prepared fromK)-

previously observed are only doubled, which can be explained 17 or from hydroxyphosphorinandRJ-15. In the former case,

by the formation of thed,| and mesoisomers of both the
intermediate and diphosphatd (Figure 5).

The signals ab —16.29 and—22.20 ppm, which show an
AB coupling @Jpp = 33.0 Hz), belong to th&Sform of the
intermediate and lead to the formation &,R-14 or (S,S-14
resonating ab —20.56 ppm when the progress of diphosphate
formation is monitored (Table 1). Thenesoform of the
intermediate gives rise to signalséat-16.44 and-22.32 ppm
(3Jpp = 27.8 Hz) and results in the formation ofiesel4
resonating ab —20.62 ppm. The isomers of the intermediate
are cleanly and quantitatively converted in®,R-14, (S,9-

14, andmesel4.

Since diphosphaté4 gives only one®P NMR resonance
when enantiomerically purgél and 15 are used and only two
resonances when using racerhicand15, it can be concluded
that the formation of diphosphatBt is stereospecific at the
phosphorus center. Moreover, 2D NOESY NMR &l NMR
data clearly showed produt# to be the axiataxial coupled
diphosphatel4°9-¢93° This also indicates that the observed
intermediate id9 or 22, since intermediate®0 and21 possess
a chloride leaving group in the axial position that is unlikely to
be observed due to the low stability. In the current situation,
however, the attack of the deprotonat&)-15 on chlorophos-

(41) Gorenstein, D. GPhosphorous-31 NMR Principles and Applica-
tions Academic Press: New York, 1984. Verkade, J. G.; Quinn, L. D.
Phosphorous-31 spectroscopy in Stereochemical Analy§isi Publish-
ers: Deerfield Beach, FL, 1987.Cullis, P. M. Phosphorous-31 NMR
Spectral Properties in Compound Characterisation and Structural Analysis
Quin, L. D., Verkade, J. G., Eds.; VCH: Weinheim, New York, and
Cambridge, 1994.

only limited conversion toR,R-14 takes place. In the latter
case nearly all chlorophosphorinari®)-(L1 is converted into
(R,R-14. This can be explained by small traces BJ-(L5 (still)
present in R)-11, which initiates the formation ofR,R-14.
These observations imply that noR){11 but the formed
diphosphate R,R-14 is subsequently hydrolyzed, yielding 2
equiv of free hydroxyphosphorinanB)¢15. This indicates that

a catalytic amount of free hydroxyphosphorinane, combined with
traces of ¢rysta) water, affects the complete conversion of
chlorophosphorinaneRj-11 into diphosphateR,R-14.

If, however, a mixture of R)-15 and ©-17 was used,
diphosphatel4 was formed with an initially (vide infra)
observedd,l:mesoratio close to 1:1, which cannot solely be
explained by simplepartial) hydrolysis of §-11, formed from
(9-17, since this would lead to a 2:1 ratio in favor of theese
14, assuming hydrolysis to proceed withosteregselectivity
and no competitive reactions to occur.

Four explanations are possible to account for these observa-
tions. Straight hydrolysis ofR)-11 into (R)-15, which leads to
both (R)-15and ©)-15, is the first possibility. Second, reaction
of 1 equiv of R,9-14 with 1 equiv of anion §)-15 would lead
to the formation of 0.5 equiv ofR,9-14 and of §,9-14 with
the release of 0.5 equiv oR|-15and 0.5 equiv of$)-15. After
reaction with R)-11 still present, bothmese and d,l-14 are
newly formed. A third mechanism would be the attack of
liberated chloride ion atR,9-14, yielding (R)-15 and §)-15
as well asR)-11and ©-11if the nucleophilic attack proceeds
without stereoselectivity. After recombinatiomese andd,l-

14 are formed again. Unfortunately, reaction of, e.§;11,
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Figure 5. Decouplec®’P NMR spectrum of the reaction mixture during the conversiorReB¢11 and R,3-15into diphosphatéd.4 recorded after
30 min, CDC4, [L] = 0.01 M.

Table 1. 3P NMR Chemical Shifts and Coupling Constants for NMR resonance frequency of phosphates (ca. 0.02 ppm for each

Intermediates and Products in the Formation of (Racemic) P—180 bond), the magnitude of which is related to the ®
Diphosphatel4 bond order? Cullis and co-workefs? used oxygen-labeling to
compd 0 (P NMR) (ppm) 0 (*'P NMR) (ppm)  Jep(H2) follow the scrambling process of the oxygens in the formation
(RR-14 —20.56 of diphosphates. In their system, a0 single bond produces
(S,9-14 an upfield shift of 0.023 ppm in th&P NMR spectrum and a
mesod4 —20.62 P—180 double bond results in a shift of 0.035 ppm; the effects
(R,R-19 —16.29 —22.20 33.0 are additive
S,9-19 '
fnegolg —16.44 —22.32 27.8 The use of oxygen-labeledR)-17 and hence R)-11, and

unlabeled R)-15, could provide us with information about the
oxygen scrambling and, subsequently, the mechanism of this
with (9-15yields S,9-14, which is the enantiomer oR(R- reaction. Oxygen-labeled|-17 was readily prepared following
14 and cannot be distinguished by means of NMR techniques. the normal synthetic rouf,using H€0 (85% labeling degree)
The most reasonable eXpIanation (the fOUrth), hOWeVer, is theto perform the Arbuzov rearrangement_ Hydrogmosphori_
direct hydrolysis of diphosphatéR,§-14. This leads to the  pane R)-17 with 85% labeled and 15% unlabeled oxygen was
formation of both enantiomers of the hydroxyphosphorinane optained® which showed in the decouplé# NMR spectrum
anion 15, which accounts for the formation of bothese and two distinguishable signals with A9 of 0.034 ppm.

d,l-14 after subsequent reaction of both enantiomerkboffter The reaction ofi0-labeled R)-17 with (R)-15 (both 1.0
formation, R,R-14may also hydrolyze, leading to the formation  ymel) EgN (0.1 mL), and CGJ (0.1 mL) in GsDe (2.0 mL) at

of 2 equiv of R)-15. If this should be the case, excess water 3p°C'yields R R-14 with extensively, though not completely,
and base would lead to the formation of hydroxyphosphorinane scrampled labeling of the oxygens.

aﬂ“’f_‘ 15 frflmhhydrolysisdofrg_iphosphatalm a::er _ch]loro%h_os-h A total of six signals is observed in tHéP NMR spectrum
phorinanell has reacted. This is exactly what s found in the -t 14~ \which accounts for the formation of all possible

experiments carried out under not completely dry conditions. combinations of unlabeled ar@0-labeled diphosphate4, as
Therefore, the explanation by Cullis and co-workeim the is depicted in Scheme 7 '

complete scrambling of labeled oxygen over all exocyclic It has to be noted that the symmetrical diphosphaiés

oxygens of the diphosphate formed in the reaction of the . . ; i 1
phosphorinane methyl estérwith the chlorophosphorinant 146 14q, and14f give one signal in théH decoupled’P NMR
spectrum, whereas the unsymmetrically labeled molecidés

(vide supra) is not necessarily completely correct. ;
. . . andl4eshow an extreme AB system, leading to one apparent
When a small amount of diphosphate is hydrolyzed, there is yoqnancdt The 3P NMR chemical shift difference for these
no “e‘?d for the proposed "_maCk of the phosphorinane anion Ontypes of labeled molecules is typically comparable to the
the diphosphate to provide the exchange of labeled and ;o hjing constantdes giving rise to three resonances instead
unlabeled material. In this case, the observation of the complete
scrambling of labeled and unlabeled oxygen does not exclude (42) Cohn, M.; Hu, M.Proc. Natl. Sci. U.S.A1978 1, 200. Lowe, G.;

the mechanism proposed by ZwierzZ#k. Potter, B. V. L.; Sproat, B. S.; Hull, W. Bl. Chem. Soc., Chem. Commun
. . . . 1979 733. Tsai, M.-D.Biochemistry1979 8, 1468. Marschner, T. M;
Oxygen-Labeling in the Formation of Diphosphates 14. Reynolds, M. A.; Oppenheimer, N. J.; Kenyon, G.J.Chem. Soc., Chem.

The presence of PO induces a small upfield shift in théP Commun 1983 1289.
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Scheme 7.Possible Scrambled Combinations of
180-Labeled14 (Other Substituents at Phosphorus Are
Omitted for Clarity)

O¢P\O/P%O 0¢P\O/P§O 0//P\O/P\O
14a 14b 14c
o7 \O/P§0 04])\0/ 0 0//1’\0/?%0

14f

of four. An extremeAB system under these conditions gives
rise to the observation of only one signal in tFf® NMR
spectrum (Figure 6).

As expected, the main product (40%) resembles mono-
P=0-labeled diphosphat&4b, which is formed from labeled
(R)-17 and unlabeledR)-15 (6 —20.60 ppm). Bis-P-O-labeled
diphosphatel4d and the P=O- and P-O-labeled diphosphate
14e are also formed in reasonable amounts (25% and 20%,
respectively), whereas the other three diphosphats,14c
and14f, are formed in small amounts:6%). Another interest-
ing observation emerges from tA® NMR spectrum as shown
in Figure 6. Because of an incomplete degree of labeling (85%
labeled 17 was converted into 85% labeletil), it can be
concluded that the doublet &t—16.32 ppm, which is assigned
to intermediatel9 as discussed previously (Scheme 5), arises
from the phosphorus atom bearing the chlorine substituent.
These signals show in theitial stagesof the reaction the 85:

15 labeling ratio that was present in the starting hydregen
phosphorinan&?. The other doublet, at —22.20 ppm, belongs
to the other part of intermediafi® originating from unlabeled
15. The labeled and unlabeled intermedia&both show the
same2Jpp coupling of 33.0 Hz. As the reaction proceeds,

J. Am. Chem. Soc., Vol. 122, No. 13, 2018

the level of the intermediates themselves. In contrast to the 1D
3P NMR data that do not allow identification of all the
resonances because of low resolution, conclusive evidence is
obtained from the 2B'P COSY NMR spectrurt as is shown

in Figure 8.

The four different intermediates, for which we propose
“general” structured9, 29, 30, and31, are given in Scheme 9.
Mixed intermediate29, yielding signals in the3!P NMR
spectrum situated at —16.70 and—22.76 ppm Jpp = 29.9
Hz), is formed by the reaction of chlorophosphorinaRgZ7
with hydroxyphosphorinaneRj-15 and leads to the formation
of mixed diphosphat&2.

Knowing, however, that the signals situated arodnet 16
to —17 ppm belong to the chloride-substituted part of the
intermediatesl9, 29, 30, and 31, it is obvious that, at some
stage in the reaction leading to the diphosphdiés32, and
33, chlorophosphorinaneR}-11 is also formed. More likely,
chloride attack aB2 could also give chloride-substitute&)¢
11 as shown for R)-29.

The other intermediates can be assigned as follows: inter-
mediatel9 gives signals ab —16.29 and—22.20 ppm {Jpp=
33.0 Hz); intermediat80yields signals ad —16.40 and-22.58
ppm @Jpp = 27.0 Hz). The signals belonging to intermediate
31 are located aty —17.02 and—22.17 ppm, showing &Jpp
coupling of 27.7 Hz. These assignments were made on the basis
of the corresponding coupling constants and integration of the
resonances that belong to a single isomer group as well as the
correlations obtained from the 232P COSY spectra. The results
are collected in Table 2.

Moreover, experiments usindgR}-11 and ®)-27 in initial
stages showed the groups of signals as discussed belonging to
the four intermediates, as well &&,R-14, (R,R-32, and R,R-

33

Furthermore, the three diphosphates formed are converted

intermediates containing one or more scrambled oxygens areafter some time (about 24 h) into the symmetribhamomor-

formed, in accordance with observations made by Cullis and
co-workers for closely analogous systehis.

C. Use of Substituted Hydroxyphosphorinanes and Chlo-
rophosphorinanes in the Formation of DiphosphatesAl-

phousdiphosphated4 and 33, observation of which demon-
strated a large preference of the cyclic phosphoric*acidits

for the identical counter units (Scheme 9, Figure 7). Results
obtained from diffusion (DOSYY and HRMAS solid-state

though the experiments described above provide us with a richNMR*6 studies also indicate a large preference for identical

source of information, several questions remain unanswered.

For example, upon reaction oR)-11 with (9-15, it is not
completely clear whether anioR)-15is formed by hydrolysis
of (R,9-14 into 2 equiv of phosphorinane anidb (R and S
forms) or R,9-14 is attacked by a phosphorinane ani@)- (
15, liberating §-15 or (R)-15. Also, chloride attack onR,9-
14 or hydrolysis of R)-11 can possibly lead to the observed
phenomena. An experiment using two slightly modified phos-
phorus reagent&7 and28 (Scheme 8), should provide us with
the desired experimental d&fa.
When chlorophosphorinan®)-27 is allowed to react with
(R)-15 (both 1.0 mmol) and BN (0.1 mL) in CDCE (2.0 mL)
at 30°C, the®P NMR spectrum clearly indicates the formation
of the “mixed” diphosphateR,R-32 (Scheme 9).
Diphosphate R,R-32 gives two doublets ab —20.37 and
—20.84 ppm, with @&Jpp coupling of 23.2 Hz. Furthermore,
diphosphatesR,R-14 (6 —20.55 ppm) andR,R-33 (6 —21.19

counter units in both the solution and solid states.

The only acceptable explanation for this observation is based
on the assumption that the initially formed diphosph&eR(-
32 is attacked by the liberated chloride ion, yielding either
chlorophosphorinaneRj-11 or (R)-27, or hydroxyphosphori-
nanes R)-15 and R)-28. It should be noted that diphosphate
(R,R-32can also be attacked by anidR){15, directly yielding
diphosphateR,R-14, whereas diphosphat®(R-33is formed
after attack of the liberated anioR)(28 on the corresponding
chlorophosphorinaneRj-27.

(43) Colquhoun, 1. J.; McFarlane, W. Chem. Soc., Chem. Commun
1982 484.

(44) NMR-based evidence for the conglomerate-like behavior of the
corresponding diastereomeric ephedra-based salts was obtained only after
cumbersome analysis: Hulst, R.; Kruizinga, W.; Wynberg, H.; Feringa, B.
L.; Kellogg, R. M. Recl. Tra. Chim. Pays-Ba4995 114, 220.

(45) The reported phenomena are also extracted from the initial differ-
ences in diffusion behavior found for homo- and heteroclusters of the

ppm) are also observed (Figure 7 and Scheme 9). The formationracemic hydroxyphosphorinanes and the corresponding diastereomeric

of the three diphosphates mentioned can be explained by eithe
of the four proposed mechanisms (vide supra).

The observation, however, thigur different intermediates
are formed during the course of the reaction, leading to the
formation ofthreedifferent diphosphates (Figures 7 and 8), is
unique, and offers the possibility to investigate this reaction at

ephedra-based salts: Hulst, R.; Stamps, J.; Ottink, B.; Visser, J. M.

Manuscript in preparation.

(46) Conglomerate-likebehavior is also observed in thel, 1°C, and
3P HRMAS solid-state NMR spectra of the materials recorded in both pure
solids and slurried materials. Doubling of all the frequencies in the NMR
spectra mentioned is due to the different packing in the crystal lattice of
the enantiomerically pure and racemic forms: Hulst, R., Visser, J. M.
Submitted toTetrahedron: Asymmetry
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Figure 6. Decoupledf*P NMR spectra of the formation éfO-labeled R,R-14 and intermediates leading to it, recorded in CR@L] = 0.01 M,
30 °C (axis in hertz).

Scheme 8. Modified Reagent27, 28, and Scheme 9.Intermediates and Diphosphates Formed in the
Hydroxyphosphorinan&5 Used for “Mixed Experiments” Reaction of R)-27 and R)-15 (See the Text for Explanation)
(See the Text for Explanation)
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The observation that the chloride ion acts as a nucleophile 0., 0 0,0 ‘
attacking the diphosphatdR(R-32 is not accounted for by ©0” \\ "o
Zwierzalke* or Cullis -2 although it provides an explanation for .
o O
P\O

the scrambling of the labeled oxygens without the need for the Cl ?);pff)
]

Pt
formation of dioxadiphosphetan@®sand 9. At this point it is "o~
not clear whether one of the three earlier discussed mechanisms 32
are also operating, or the proposed attack of the chloride ion
actually is the major route followed. 60 \\ ------ I\0 |

D. Use of 2D31P COSY Techniques in the Elucidation of . 30
the Formation of Diphosphates.During the course of the

research described, it became obvious that the rate of the reaction
of (R)-11and R)-15yielding (R,R-14 showed a large temper- ©\?§ ,,,, @
ature dependence. Normally, reactions were performed at 30 ?ﬁ Pﬁ '

Cl

°C. However, experiments carried out usif-(1 and R)-15 @0 l\ / LG o ((’)21,(? &Pi\%
at temperatures between 45 and“&Dshowed an even more "0
complex behavior than expected on the basis of previés 3 33

NMR analyses, as is shown in Figure 9. It needs to be
emphasized that the (only) final product, however, is diphos- phosphorusphosphorus coupling patterns obser¢&tihe other

phate R,R-14. signals, all showing nearly the same coupling patterns, are less
The 1D spectrum shows clearly the signals of intermediate easily assigned by the use of B and3'P NMR techniques,
19, atd —16.29 and—22.20 ppm #Jpp = 33.0 Hz), andR,R- although the integration is of great help for the full assessment

14 (6 —20.6 ppm). Besides these resonances, several resonance®f the 2D3P COSY spectrum shown in Figure 10.
are observed that show extensive phosphorus coupling, which
is a strong indication that these intermediates contain more than (47) The signal ab —17.23 ppm (singlet), which is observed regardless

lent phosphorus atom, connected with each Othe the nature of the hydroxyphosphorinanes used, cannot be assigned
one, nonequivalent p p [Jnamb|guous|y It is likely that small amounts of degraded (poly)-
through a bridging oxygen atom, resulting in tigeminal phosphorous components give rise to this absorption.
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Figure 8. 3P COSY spectrum of the reaction products Rf-27 and

(R)-15, recorded aftel h at 30°C, recording temperature 30 °C,

CDCls.
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Table 2. 3P NMR Chemical Shifts and Coupling Constants of
Intermediates Leading to the Formation of Mixed Diphosphates
(R,R-14, (R,R-32, and R,R-33

compd 8 (3P NMR) (ppm) 6 (C'P NMR) (ppm)  Jpp(Hz)
14 —20.56
19 —16.29 —22.20 33.0
32 —20.37 —20.84 23.2
33 —21.19
29 —16.40 —22.58 27.0
30 —16.70 —22.76 29.9
31 —17.02 —22.17 27.7

III T
-20 =21 -22

Decoupled®P NMR spectrum of the reaction products &7 and R)-15 after 1 and 24 h (inset), recorded in CRCI

2D spectra. The intermediates were allowed to build up at 47.5
°C in GsDg as solvent. When they had developed adequately,
on the basis of the 1B'P NMR spectral data, the temperature
was quickly brought to—-50 °C. This temperature allowed us

to record a 2D COSY spectrum, without observable progression
of the reaction (only a small amount of CDQlad to be added

to the reaction mixture to prevent freezing). The experiments
were performed using unlabeled as well as labeled materials to
obtain maximum information from the experiments. The results
as obtained are collected in Table 3.

The phosphorus nuclei leading to the doublet signalé at
—11.43 and-13.73 ppm are clearly correlated, yieldingJdap
coupling of 18.2 Hz, and are attributed to intermedi8te
(Scheme 10). Although there is rdirect evidence for this
assignment, the observed chemical shifts as well as the fact that
both signals ad —11.43 and-13.73 ppm double when partially
oxygen labeledR)-11 is used in this reaction provide strong
indications that this must be a dioxadiphosphetane intermedi-
ate8 The labeled oxygen is “shared” by the two phosphorus
atoms.

The same is found for the signals@t—11.68 and—18.22
ppm @Jep= 21.0 Hz). These also arise from tu@connected
phosphorus atoms. The labeling experiment, as described above,
shows that both signals double upon the usé‘®af-labeled
starting materialR)-11. This indicates that the labeled oxygen
is again bridged between the two different phosphorus atoms.
On the basis of these observations and chemical shifts, the
signals are believed to belong to intermedieThe breakdown
of 35yields bridged'®O-labeled intermediat@6, although this
intermediate was not observed as intermedBfeontains a
chlorine leaving group in the axial position. Probably, the
elimination of this chlorine is too fast to allow direct detection
of intermediate86 by NMR techniques. So far, the Cuflismodel
provides an acceptable and unambiguous explanation for this
part of the observations. That the situation is more complex,
however, is indicated by the appearance of two more sets of
resonances.

The recording of the 2B'P COSY spectrum, concerning the
intermediates of a still developing reaction, appeared to be rather
troublesome, due to the larger time interval needed to record

(48) Vedejs, E.; Peterson, M. Top. Stereocheni994 21, 1. Clayden,
J.; Warren, SAngew. Chem., Int. Ed. Endl996 35, 241. Hulst, R.; van
Basten, A.; Fitzpatrick, K.; Kellogg, R. Ml. Chem. Soc., Perkin Trans. 1
1995 2961.
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Figure 9. 3P NMR spectrum during the formation dR(R-14 from (R)-11 and R)-15 at 47.5°C, recorded at-50 °C, solvent CDGJ/C¢Ds, [L]

= 0.01 M.
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Figure 10. 3P COSY spectrum of the products and intermediates
during reaction of R)-11 and R)-15 at 47.5°C, recorded at-50 °C,
solvent CDCYCgDs, [L] = 0.01 M.

Table 3. 3P NMR Chemical Shifts and Coupling Constants of
Dioxadiphosphetane and Trimeric Intermediates Leading to the
Formation of DiphosphateR(R-14 during Reaction at 47.5C,
Recorded at-50 °C (See the Text for Explanation)

S (P NMR) 4 (P NMR) 6 (P NMR)
compd (ppm) (ppm) (ppm) Jep (HZ)
34 -11.4 -13.73 18.2
35 —11.68 —18.22 21.0
36
37 —14.92 —26.33 —19.22 22.4/22.4
38 —-19.24 —25.90 —25.90 22.4/22.4

data. The doublet ad —14.92 ppm is correlated to the
double doublet ad —26.33 ppm {Jpp = 22.4 Hz). The latter
shows a correlation with the signal resonatingdat-19.22
ppm @lpp = 22.4 Hz). It is clear that the phosphorus atom
leading to the signal ab —26.33 ppm is connected with
two other, nonequivalent, phosphorus atoms that are not
directly correlated themselves. The only possible explan-
ation for this peculiar phenomenon is the coupling of three
phosphorus-containing units into an intermediate noncyclic
trimer. The use of oxygen-labeled?)f11 shows that the
resonances at —26.33 ppm double, and the resonances residing
at 0 —14.92 ppm show complex behavior (the effects are
unfortunately only observable in the early stages of the reaction).
Oxygen labeling does not influence the other resonance, residing
at 0 —19.22 ppm. The chemical shift data together with the
integration data, coupling constants, and the data obtained from
the oxygen-labeling experiments indicate that the trimeric
intermediate has structur&’ (Scheme 11). This compound
contains three different phosphorus atoms and is formed
from hydroxyphosphorinane Rf-15, which has attacked
chlorophosphorinaneRj-11. Subsequently, this unit attacks
another chlorophosphorinan&){11, yielding the trimer as
suggested.

The other trimer38 also contains three phosphorus atoms,
although two of them appear to be “virtually” equal, resulting
in a doublet aty —19.24 ppm {Jpp= 22.4 Hz) and an apparent
triplet atd —25.90 ppm. These resonances show two egjisal
couplings of 22.4 Hz and a measured intensity half the size of
the resonance at—19.24 ppm. Although this structure contains
a bisequatorially spanned phosphorinane ring system, which is
assumed to be energetically unfavorable, this is the only possible
structure which contains two equivalent phosphorinane ring
systems and can still lead to the exclusive formationRyR-

14 and no other products.

The use oft®0-labeled R)-11 leads to the doubling of the
signals ath —25.90 ppm and to a partial doubling of the signal
ato —19.24 ppm, while a part of this signal remains unaffected

The responsible intermediates are built up of three connected(again, only in the early stages of this reaction). Obviously,

phosphorus units, on the basis of the 2P COSY spectrum

hydroxyphosphorinaneRj-15 reacted with 1 equiv of chloro-

as well as the observed coupling constants and integrationphosphorinaneR)-11 that reacted with another molecule of
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Scheme 10Formation of14 via Dioxadiphosphetanes
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the elimination product of intermedia®d. Intermediate38 can 0o b_o_pmO - o

Ct

| —
only be transferred intoR,R-14 after another attack of a (' § g% 87 P 0
molecule of deprotonated hydroxyphosphorina®e-15 has Sy Hé{ &y 14
taken place. This would afford one molecule Bj-{L5 and one ”‘

molecule of chlorophosphorinan&)¢11, together with one »

molecule of diphosphaté}(R-14 (Scheme 12). _ amines, alcohols, or amino acids provides a rich source of
Alternatively, chloride attack orB8 could result in one  information concerning the formation of diphosphates in general.

molecule of R)-11and one molecule of diphosphat,R-14, Although the side reaction does not influence the actual analyses,

together with one chloride anion (Scheme 12). Furthermore, the appearance of side products gave rise to a more detailed

intermediate37 can be converted either int®8 by chloride investigation.

elimination or ipto diphosphatR(R-l4 by elimination of R)- The products formed were characterized as diphospRafe (

11 and a chloride anion. 14 and intermediates leading to its formation. Due to the

Unfortunately, it appeared impossible to generate the sameconformationallocking of the phenyl group in the equatorial
types of intermediates by using one of the other hydroxyphos- yqsition of the “phencyphos” building units, the pseudorotation
phorinanes or chlorophosphorinanes with substituted phenyljntermediate products are blocked, and allow detection of
groups, or combinations of hydroxyphosphorinanes or chloro- jhtermediates usingH and, in particular3®P NMR techniques.
phosphorinanes, regardless of the reaction conditions employedon, the basis of the data obtained from several NMR experi-

Itis clear that besjdes thdirectroute and the thoride attac_k, ments, the use dfO-labeled chlorophosphorinanB)¢11 and
followed by the direct route, another reaction mechanism, {he stereochemical information from racemic and homochiral
|nvo_IV|ng trimeric structures, can also give rise to the formation chlorophosphorinan&l and hydroxyphosphorinan®)-15, it
of diphosphateR,R-14. was concluded that the nucleophilic displacement reaction
proceeds with complete stereocontrol at the phosphorus center.
An explanation can be given on the basis of a mechanism

The unusuaiminor side reaction observed when reagd®jt ( involving phosphetaneintermediates (mechanism 1), as is
11 or (R)-17 is used for enantiomeric excess determination of depicted in Scheme 10. These results are in agreement with the

Conclusions
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results using relatedchiral compounds, as reported by Zwier-
zalké4 and Cullis®® More important, however, is the fact that

Hulst et al.

the TMS scale. The splitting patterns are designated as follows: s
(singlet), d (doublet), dd (double doublet), t (triplet), g (quartet), m

the results obtained by Cullis and Zwierzak are only based on (multiplet), and br (broad). Chemical shifts (ppm) are positive in the
the products obtained. Using the phencyphos derivatives, severaloW-field direction.

intermediates can actually be observed udid@nd3P NMR
techniques.
Labeling experiments witffO-labeled R)-17, and henceR)-

11, together with the use of racemic hydroxyphosphorinanes

15and28 as well as chlorophosphorinaié and27, made the

1H decoupled’P NMR spectra were recorded on Varian VXR-300
and Unity-400 WB spectrometers operating at 121.42 and 161.89 MHz,
respectively. The chemical shifts are denoted either relative to @&Cl
resonating ad 19.91 ppm (for the solvents CDCind GDg) or relative
to phosphoric acid ab 0 ppm (for the solvents D, DMSO-ds, and
CD;OD). T; relaxation times were calculated with the inversion

Complete StI‘UCtUI’a| aSSIgnment Of the Observed |ntermed|atesl’ecovery method’ using standard Varian microprograms_le

possible. Furthermore, the scrambling of the oxygen over all and3P—3P COSY H—!H NOESY, andH—'H ROESY spectra were
possible exocyclic oxygens in this system showed not only that recorded at+50, 0, and—50 °C (0.1 °C) using Varian Unity-400

a direct nucleophilic displacement reaction of hydrogen
phosphorinanel5 and chlorophosphorinan&l occurred, but
also that a second mechanism must operate.

The use ofmixed phencyphos hydroxyphosphorinands (
and 28) and chlorophosphorinanekl and 27 showed that
eliminated anionic chloride is able to act as a nucleophile,
attacking the “mixed” diphospha&2. This yields combinations

WB and UnityPlus-500 spectrometers. The 2D spectra were collected
as 2D hypercomplex data. After weighing with shifted sine-bell
functions, the COS*¥ data were Fourier transformed in the absolute
value mode while the NOESYand ROESY! data were transformed

in the phase-sensitive mode. Data processing was performed using
standard Varian VnmrS/VnmrX software packages. The spectrometers
operated in the Fourier transform mode usingiHeesonance of the
solvent as field-frequency lock.

of chlorophosphorinanes and reaction intermediates, which were . hydroxyphosphonates and phosphonBJel¥ were prepared
not apparent at the start of the reaction following mechanism 1 5cording to literature procedur@® 10-labeled water (labeling degree

(Scheme 9), or could be formed during the reaction otherwise.

around 85%, as established from the integration of the two signals in

These observations could provide another explanation for thethe 31p NMR spectra) was kindly provided by the PET Center at the

scrambling of thé®0-label over the different oxygen atoms in
both products and intermediates.
Using 2D 3P COSY NMR techniques, together witfO-

labeling experiments, a third mechanism was found (Schemes

11 and 12). In this mechanism, acyclic trimeric phosphorus-
containing intermediate37 and 38 are formed, leading to the
direct formation of diphosphatdR(R-14, or to the formation

of diphosphate R,R-14 after the attack of a deprotonated
hydroxyphosphorinane unit. This also results in complete
scrambling of 180-labeled oxygens over all the exocyclic
oxygens. Alternatively, chloride attack on the trimeric inter-
mediates would give the described products. In this way,
hydroxyphosphorinanes and chlorophosphorinanes being

University Hospital of Groningen, The Netherlands. DiphosptRiB){
14 was also prepared for comparison purposes according to the method
described by Edmundsén.
(R)-2-Chloro-2-ox0-5,5-dimethyl-4-R)-phenyl-1,3,2-dioxaphos-
phorinane [(R)-11]. Using the PCk Method. (R)-PhencyphosR)-15
(40.0 g, 0.17 mol) was suspended in 250 mL of dry,CH To this
stirred suspension was added 40.0 g ofsHCI19 mol) over a 10 min
period, while the temperature was kept below @ Subsequently,
the mixture was stirred fo3 h atroom temperature. The solution was
concentrated to dryness and the residue dissolved in 250 mL of dry
ether. Excess P€Was removed by filtration and the filtrate stored at
—20°C for 7 days. After this period, small white needles were isolated
and dried carefully in a vacuum at 3& for 2 h. Yield of R)-11:
7.02 g (0.027 mol, 16%). Mp 156158 °C. [aP% = —81.9 (c 0.5,

labels are formed at the beginning of the reaction. These CHCl). *H NMR (CDClk): ¢ 0.82 (s, 3H), 1.03 (s, 3H), 4.03 (dd,

compounds can react further, and give rise to doubly or triply
180-labeled R,R-14.

Although probably all three mechanisms, involving (1) the
formation of phosphetanes as proposed by Zwiérzakd Cullis
and co-worker§,(2) chloride attack at the diphosphate formed,
or (3) trimer formation followed by attack of deprotonated

ZJAB =9.0 HZ,3JpH = 30.0 Hz, lH), 4.18 (ddZ,JAB =9.0 HZ,SJPH =

4.0 Hz, 1H), 5.21 (d3Jpw = 2.0 Hz, 1H), 7.26-7.40 (m, 5H).1%C
NMR (CDCL): ¢ 17.14 (CH), 20.64 (CH), 36.36 (d2Jpc = 4.6 Hz,

C), 79.51 (d2Jpc= 8.1 Hz, CH), 89.78 (d 2Jpc = 6.9 Hz, CH), 127.16
(CH), 127.93 (CH), 128.86 (CH), 134.67 (C}P NMR (CDCE): o
—4.49 ppm. Anal. Calcd for GH140sPCI: C, 50.69; H, 5.41; P, 11.88;
Cl, 13.60. Found: C, 50.34; H, 5.22; P, 11.48; Cl, 13.47. HRMS: calcd

hydroxyphosphorinane or chlorophosphorinane, are not in 260.037, found 260.037.

disagreement with each other, the appearance of the last tWo gjng the POCE Method. A solution of 8.0 g (0.052 mol) of POGI
routes has to the best of our knowledge never been proposedn 500 mL of CHCl, was cooled to-20 °C. To the stirred solution

or observed previously.

was slowly added a solution of 10.0 g (0.052 mol) Bj-phencydiol

It is remarkable that, although the reaction routes are rather (R)-16 and EtN (12 mL) in 200 mL of CHCl,. After the addition was
complex and markedly different, the final product, diphosphate complete (30 min) another 12 mL of 4t in 50 mL of CHCI, was

(R,R-14, is always formed as the only enantiomerically pure

added. The mixture was stirredrfd h and concentrated and the residue

product. This means that the reactions proceed with Comp|etedissolved in ethyl acetate. The solution was filtered and evaporated to

stereocontrol with regard to the phosphorus nucleus, regardles

of the route followed.

Experimental Section

éiryness, and the residue was dissolved in ether and storegdatC

to allow the chlorophosphorinan®)¢11 to crystallize. After 7 days,
small white needles were collected and treated as described above.
Yield: 3.81 g (0.0146 mol, 28%). Spectroscopic data were found to
be identical compared to those of the material obtained by the PCI

All operations were carried out using Schlenck-line techniques under method.

an argon atmosphere. NMR measurements were performed in well-

Using the CCL—Et3N Method. To a cooled (O°C) mixture of 5.0

dried and sealed NMR tubes, using predried solvents under an argong (0.022 mol) of cyclic §-hydrogen-phosphorinane§)-17 and 3.4 g

atmosphere.

1D NMR spectra were taken at 3@ (+0.1 °C), unless stated
otherwise, using Varian temperature control unit$.and 3C NMR
(APT) spectra were recorded on Varian VXR-300, Unity-400 WB, and

UnityPlus-500 spectrometers at 300, 400, and 500 Hz and 75.43, 100.57
and 125.72 MHz for proton and carbon, respectively. Chemical shifts

are denoted i@ units (ppm) relative to the solvents and converted to

(49) Bax, A.; Freeman, Rl. Magn. Reson1981, 44, 542.

(50) Jeener, J.; Meier, B. H.; Bachmann, P.; Ernst, R1.Rhem. Phys.
1979 71, 4546. Neuhaus, D.; Williamson, Mhe Nuclear @erhauser
Effect in Structural and Conformational Analys\$CH Publishers: Cam-
bridge, 1989.

(51) Bothner-By, A. A.; Stephens, R. L.; Lee, L.; Warren, C. D.; Jeanloz,
R. W.J. Am. Chem. S0d.984 106, 811.
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Table 4. Crystallographic Data for Crystal Structure Determinationd3f13, and27

12 13 27
Crystal Data
empirical formula GoH2504P CioH24NOsP Ci1H13ClL,OsP
molecular weight 360.37 345.36 295.08
cryst syst orthorhombic trigonal orthorhombic
space group P2,2,2; (no. 19) P3; (no. 144) P2,2,2; (no. 19)
a A 6.4799(10) 12.4170(12) 6.4383(10)
b, A 17.165(2) 10.498(2)
c, A 17.189(2) 10.912(2) 19.571(3)
Vv, A3 1911.9(4) 1457.0(3) 1322.8(4)
Deale, g CNT2 1.252 1.181 1.482
VA 4 3 4
F(000) 768 552 608
u, cmt 1.6 [Mo Ka] 13.7 [Cu Ka] 6.0 [Mo Ka]
cryst color colorless colorless colorless
cryst size, mm 0.1& 0.45x 1.1 0.05x 0.05x 0.70 0.15x 0.15x 0.25
Data Collection
T, K 295 295 150
Onmin, Omax deg 1.2,25.0 4.1,75.0 16,275
Omin, Omax (Unit cell), deg 5.03,10.71 7.13,21.40 2.0, 20.0
wavelength, A 0.71073 [Mo K] 1.54184 [Cu K] 0.71073 [Mo Ko
filter/monochr Ni filter Zr filter graphite monochr
Aw, deg 0.66+ 0.35 tand 0.62+ 0.14 tand
hor, ver aperture, mm 2.30,4.00 3.93, 6.00
mosaicity 0.348(1)
X—ray exposure, h 32 45 6
linear instability, % <1 3
data set 0:8-22:0,—22:22 —15:15,—-15:15,-13:13 —8:8,—13:13,—25:25
total no. of data 1966 5772 35198
total no. of unique data 1958 574R: = 0.0575] 3040Rn: = 0.0769]
Refinement
no. of refined params 246 223 206
final R12 0.0511 [1061 > 20(1)] 0.0631 [2417 > 20(1)] 0.0228 [2941 > 20(1)]
final wR2° 0.1001 0.1678 0.0590
goodness of fit 0.923 0.983 1.059
w—1¢ 0?(F?) + (0.0416°)2 0?(F?) + (0.087%P)? 0?(F?) + (0.0323)2 + 0.21P
(Al0)ay, (AlO)max 0.000, 0.000 0.001, 0.008 0.000, 0.001
min and max residuals density, A —0.22,0.19 —0.18, 0.19 —0.32,0.18

ARL = J||Fo| — IF/I/3|Fol. PWR2 = [F[W(F? — FAA/S [W(FAF]H2 ¢ P = (maxF.20) + 2F:2)/3.

(0.022 mol) CCJin 150 mL of dry benzene was added 5 mL ofNEt
over 15 min. Subsequently, the mixture was allowed to stir at room

(R)-2-O-[2'-(S)-phenylpropanoyl]-2-oxo-5,5-dimethyl-4-R)-phen-
yl-1,3,2-dioxaphosphorinane [§R)-12] was prepared as described

temperature for another hour. The mixture was concentrated to drynesspreviously and recrystallized several times from ethyl acetate/diethyl
and the residue dissolved in dry ethyl acetate, filtered, and concentratedether mixtures at-20 °C.

again to dryness. The residue was dissolved in petroleum ether (60:40,

75 mL) and stored for 7 days at20 °C. After this period, white needles

(R)-2-N-[2'-(S)-phenylethanoyl]-2-0x0-5,5-dimethyl-4-R)-phenyl-
1,3,2-dioxaphosphorinane [R,S)-13] was prepared as described

were formed that were treated as described above. Yield: 5.45 g (0.021previously and recrystallized several times from ethyl acetate/diethyl
mol, 95%). Spectroscopic data were found to be identical compared to ether mixtures at-20 °C.

those of the material obtained by the P@lethod.

(R)-2-Chloro-2-ox0-5,5-dimethyl-4-R)-(2-chloro-1-phenyl)-1,3,2-
dioxaphosphorinane [R)-27]. *H NMR (CDCL): 6 0.94 (s, 3H), 1.22
(s, 3H), 4.11 (dd?Jps = 11.5 Hz,2Jpy = 31.3 Hz, 1H), 4.46 (dfJas
= 11.5 Hz,%Jpy = 3.0 Hz, 1H), 5.95 (d3Jpn = 3.1 Hz, 1H), 7.22
7.42 (m, 3H), 7.527.60 (m, 1H).23C NMR (CDClk): 6 17.27 (CH),
19.86 (CH), 37.19 (C), 79.36 (Ch), 84.23 (CH), 126.36 (CH), 129.07
(CH), 129.81 (CH), 131.83 (C), 132.36 (P NMR (CDCE): o
—2.29 ppm. For other spectroscopic data see Ten Hoeve and Wyf#berg.

(R,R)-2,2-Oxybis(5,5-dimethyl-4-R)-phenyl-1,3,2-dioxaphospho-
rinan-2-one) [(R)-14]. White crystalline material. Mp 143145 °C.
H NMR (CDCly): ¢ 1.81 (s, 6H), 1.05 (s, 6H), 4.644.20 (ddd, 2H),
4.62-4.79 (d, 2H), 5.43 (dd, 2H), 7.197.38 (m, 10H).1*C NMR
(CDCly): 6 16.99 (dd, CH), 20.49 (dd, CH), 45.43 (CH), 79.76 (dd,
C), 89.29 (dd, CH), 127.16 (CH), 127.76 (dd, CH), 128.54 (CH), 134.49
(C).3P NMR (CDCEk): 6 —20.56 ppm. HRMS: calcd 466.131, found
466.131.

X-ray Crystal Structure Analyses of 12, 13, and 27.R)-2-Chloro-
2-0x0-5,5-dimethyl-4-R)-phenyl-1,3,2-dioxaphosphorinane [§)-27]
was prepared as described above 811 using the PGImethod and
was crystallized several times from diethyl ether-&0 °C.

Pertinent data for the structure determinations are collected in Table
4. Data for crystal structures2 and 13 were collected on a Nonius
CADA4-F diffractometer on a sealed tuhe/26 scans). Data for structure
determination oR7 were collected on a NoniusCCD diffractometer
on a rotating anode. Accurate unit-cell parameters and an orientation
matrix were determined by least-squares fitting of the setting angles
of 25 well-centered reflections (SEP4¥or structuresl2 and13. The
unit-cell parameters for structu’ were refined against the setting
angles of 485 reflections. The unit-cell parameters were checked for
the presence of higher lattice symmethAll structures were solved
with direct methods using SHELSX86.Refinement onF? was
performed with SHELXL-9% (12 and 13) or SHELXL-97-2 @7).56
The hydrogen atoms df2 and13 were included in the refinement on
calculated positions riding on their carrier atoms, except for the amine

(52) de Boer, J. L.; Duisenberg, A. J. Mcta Crystallogr 1984 A40,
C-410.

(53) Spek, A. L.J. Appl. Crystallogr.1988 21, 578.

(54) Sheldrick, G. M. SHELXS86 Program for crystal structure deter-
mination, University of Gtlingen, Germany, 1986.

(55) Sheldrick, G. M. SHELXL-92 Program for crystal structure refine-
ment, Gamma test version, University of tBogen, Germany, 1992.

(56) Sheldrick, G. M. SHELXL-97-2 Program for crystal structure
refinement, University of Gitingen, Germany, 1997.
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