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A series of phosphorus compounds (1-3) containing anionic carboxylate groups were synthesized by treatment of
the respective neutral precursor acid forms B—D with amines, which also served to introduce hydrogen-bonding
interactions. The compounds, subjected to X-ray structure analysis, resulted in hexacoordinated anionic
phosphoranates 1A and 1B, a pseudo-trigonal-bipyramidal anionic phosphine (2), and a trigonal-bipyramidal anionic
phosphine oxide (3). The structures revealed that P-O donor coordination was present in all members of the
anionic series 1-3 and resulted in stronger interactions than existed in the precursor neutral acid forms B-D as
measured by the presence of shorter P-O distances. Evaluation of the energies of the donor interactions relative
to the energies of the hydrogen bonds that were present showed that the donor energies now exceeded the
hydrogen bond strengths. 3P chemical shifts indicated that the basic coordination geometries were retained in
solution. Both 1A and 1B are chiral and exist as racemates. The results suggest that mechanisms of phosphoryl-
transfer enzymes should benefit by taking into account donor interactions at phosphorus by residues at active sites
in addition to the inclusion of hydrogen bonding. Reference is made to specific phosphoryl-transfer enzymes.

Introduction to phosphorus in bis(methyl salicyla@phenylphosphine
(A) to give a pseudo trigonal bipyramid (TBP) as a
consequence of axial coordinatibiThe result is a neutral
compound.

In recent work, our interest has focused on exploring the
coordination chemistry of phosphorus as it might be per-
ceived to operate at active sites of phosphoryl-transfer
enzymes.We have proceeded in a stepwise fashion working
with donor groups potentially capable of oxygen atom Q /OMe

coordination at phosphords® Thus, we have found that the

carbonyl oxygen atom of the salicylate ligand coordinates \\o
!
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monoester hydrolysis by alkaline phosphatase, a serinethe strengths of hydrogen-bonding interactions to assess their
residue at the active site is proposed to attack the phosphoryimportance in mechanisms of phosphoryl-transfer enzymes.

group, leading to a transitional TBP?
In work that followed! hydrogen bonding, which is a

Experimental Section

prevalent feature at active sites of enzymes, was introduced Diphenylphosphinobenzoic aci€), diethylamine, and triethyl-
in an attempt to learn to what extent oxygen atom coordina- amine (Aldrich) were used as supplied. Phosphor&nend

tion would occur in competition with the electronic effects

diphenylphosphinoylbenzoic aci®) were obtained according to

associated with hydrogen bonding. Of interest here, the the procedure described in our previous pdfeCommercial

study*® included a phosphoran@), a phosphineQ), and a
phosphine oxide ), all of which exhibited hydrogen

bonding. In each case,f® donor coordination persisted.
Evaluation of the energies of the two competing bonding
types indicated a range for-fO coordination above and

acetone was used as a solvent. All reactions and crystallizations
were carried out under ambient conditions. Proton NMR spectra
were recorded on a Bruker AC200 FT-NMR spectromé&rNMR
spectra were recorded on a Bruker DPX300 FT-NMR spectrometer.
All *H NMR spectra were recorded relative to tetramethylsilane in
CDCls, and all®P NMR spectra were recorded relative to 85%
HsPO, in CHCIl, in the sweep-off mode, unless mentioned
otherwise. Chemical shifts are reported in parts per million,
downfield positive at 23C. Elemental analyses were performed
by the University of Massachusetts Microanalysis Laboratory.

Syntheses. 1ADiethylamine (0.150 mL, 1.45 mmol) was added
to a solution of phosphorane add0.500 g, 1.27 mmol) in acetone
(10 mL) and the solution kept aside for a week. Then the solution
was decanted off, and the crystalline solid present was washed with
acetone (2 5 mL) and air-dried. Yield: 0.50 g (85%). Mpz240
°C. 3P NMR (DMF): —135.5. Anal. Calcd for gH2/NOgP: C,
64.51; H, 5.20; N, 3.01. Found: C, 64.45; H, 5.22; N, 3.00.

1B. Triethylamine (0.200 mL, 1.43 mmol) was added to a
solution of phosphorane achll (0.500 g, 1.27 mmol) in acetone

below the hydrogen bond energy. These compounds like (10 mL) and the solvent removed. The residue that formed was

A, are neutral compounds.

Since anionic carboxylate groups are common at active

recrystallized from dichloromethanéeptane (1:1, 20 mL).
Yield: 0.40 g (64%). Mp: 204210°C. H NMR: 1.11 (t, 7.4 Hz,
9H, Me), 2.73 (g, 7.4 Hz, 6H, NC}), 6.30 (dd, 18.65, 7.4 Hz, 1H,

sites, we have conducted the present study with anionicaryD 7.25-7.98 (M, 11H, aryl)3®P NMR (CHCl,): —124.9.3P

carboxylate donors in the presence of hydrogen bonding toNmR (DMF): —135.7. Anal. Calcd for §H,NOsP: C, 65.71; H,
examine the extent of oxygen atom coordination in systemss.72: N, 2.84. Found: C, 65.43: H, 5.80: N, 2.78.

that may serve more closely as models for phosphoryl-

2. A procedure similar to the synthesish was used. Quantities

transfer enzymes. The present compounds are the anioniwsed: (diethylamine) 0.200 mL, 1.93 mmol, (phosphine &&jd

derivatives of the neutral compound—D. They are,
respectively,1—3 (only one H-bond is present fdB; see
eq 1 or Figure 2).

,,,,,,

1A =1- Et,NH," 3'p -135.5 Et,NH," Et,NH,"
tp 5.7 3p,30.3
1B=1-EtNH" *'P,-124.9
1 2 3

0.500 g, 1.63 mmol. The solution was decanted offradtéd and
the resulting crystalline solid washed with acetonex(20 mL)
and air-dried. Yield: 0.62 g (100%). Mp: 19202°C. 'H NMR:
1.08 (t, 7.4 Hz, 6H, Me), 2.57 (q, 7.4 Hz, 4H, N@H6.73 (ddd,
7.4,3.4,1.0 Hz, 1H, aryl), 7.25 (br m, 11H, aryl), 8.06 (ddd, 7.4,
4.0, 1.4 Hz, 1H, aryl)3P NMR (CHCl,): —5.7.3P NMR (DMF):
—6.0. Anal. Calcd for GgHeNO,P: C, 72.81; H, 6.91; N, 3.69.
Found: C, 72.50; H, 6.99; N, 3.64.

3. A procedure similar to the synthesish was used. Quantities

used: (diethylamine) 0.200 mL, 1.93 mmol, (phosphine oxide acid
D) 0.070 g, 0.22 mmol. Yield: 0.070 g (80%). Mp: 16366 °C.
IH NMR: 0.96 (t, 7.4 Hz, 6H, Me), 2.69 (q, 7.4 Hz, 4H, NG
7.10-7.65 (m, 11H, aryl), 8.07 (ddd, 7.4, 3.4, 1.0 Hz, 1H, aryl).
31P NMR (CHCly): 30.8.3P NMR (DMF): 30.3. Anal. Calcd
for Co3H26NOsP: C, 69.86; H, 6.63; N, 3.54. Found: C, 69.70; H,
6.64; N, 3.49.

X-ray Studies. The X-ray crystallographic studies were per-

Syntheses and X-ray and NMR measurements are per.formed using a Nonius Kappa CCD diffractometer and graphite-

formed to establish the structural arrangement$-e8 and
the extent of Lewis acigdbase donor interaction that takes

place. The relative strengths of the oxygen atom coordination
tendencies at phosphorus are estimated and compared witl‘i1

(9) Holtz, K. M.; Stec, B.; Kantrowitz, E. RJ. Biol. Chem.1999 274,
8351.

(10) Stec, B.; Holtz, K. M.; Kantrowitz, E. RJ. Mol. Biol. 200Q 299,
1303.
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monochromated Mo & radiation ¢ = 0.71073 A). Data were
collected at 23+ 2 °C. All of the data were included in the
refinement. The structures were solved by direct methods and
ifference Fourier techniques and were refined by full-matrix least-
squares techniques. Refinements were baseefoand computa-
tions were performed on a 600 MHz Pentium Il computer using
SHELXS-86 for solutioft and SHELXL-97 for refinemen All

(11) Sheldrick, G. MActa Crystallogr.199Q A46, 467.
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Table 1. Crystallographic Data for Compounds-3

1A 1B 2 3
empirical formula 65H24N06P C27H28N06P C23H26N OzP C23H26N03P
fw 465.42 493.47 379.42 395.42
cryst syst monoclinic monoclinic monoclinic monoclinic
space group P2:/n Cc P2;/n P2i/n
cryst size (mm) 0.56« 0.30x 0.20 0.25x 0.15x 0.10 0.25x 0.25x 0.25 0.50x 0.25x 0.08
a(A) 10.2108(2) 10.2555(4) 9.0370(2) 9.3210(2)
b (A) 11.9386(2) 28.146(1) 15.8476(5) 14.7405(2)
c(A) 18.8202(5) 9.4194(5) 14.7986(4) 15.5067(4)
o (deg) 90.00 90.00 90.00 90.00
S (deg) 92.6786(8) 113.106(2) 97.742(2) 100.8712(8)
y (deg) 90.00 90.00 90.00 90.00
V (A3) 2291.73(8) 2500.8(2) 2100.06(10) 2092.33(8)
z 4 4 4 4
Dcaica (g/cn¥) 1.349 1.311 1.200 1.255
Uno Ko (€M) 1.62 1.52 1.48 1.54
total no. of reflns 3828 4001 3635 3663
no. of refins withl > 2¢, 3247 3101 2809 2926
R2 0.0364 0.0604 0.0462 0.0392
Ry? 0.0893 0.1370 0.1168 0.0938

AR = Y ||Fo| — IFcl/Z|Fol. ® Ru(Fod) = { SW(Fo? — FAHIWF,} 12

of the non-hydrogen atoms were refined anisotropically. All the ;c?)
hydrogen atoms were included in the refinement as isotropic G
scatterers riding in either ideal positions or with torsional refinement o m é}i
(in the case of methyl hydrogen atoms) on the bonded atoms. The (==_ & (03)
crystals oflB belong to a noncentrosymmetric space group, and it \
was refined as a racemic twin which showed a 60:40 ratio. The
final agreement factors are based on the reflections Wwith2a;.
Crystallographic data are summarized in Table 1.

Results and Discussion

SynthesesCompoundd—3 were obtained by the addition
of either diethylamine or triethylamine to an acetone solution
of the appropriate aciB—D, respectively, and recrystallized
directly from the resulting solution. The anionic phosphorane
1B is highly soluble in polar solvents and hence was
crystallized from a heptanedichloromethane mixture. As
representative, eq 1 illustrates the preparatiod Bif

i

o | .
] e
~0 i, | C

o

m,,, + EtyN ———> PG
@r 5 i o

+ EtgNH* Figure 1. ORTEX diagram oflA.

the carboxylic acidB8—D, the phosphorusoxygen interac-
tion becomes stronger as measured by a comparison of the
B 1B respective shortening of the® distances. These data are
) _ summarized in Table 5, where the last column displays the
~ Structures. The atom labeling schemes fbr3are given  gytent to which the shortening took place in each instance.
in the ORTEX? plots of Figures +4 with the thermal  ajsq jisted is the degree to which the increase in coordination
ellipsoids at the 40% probability level. Hydrogen atoms are -5,sed the structures to be displaced toward a higher
omitted for clarity. Bond parameters are listed in Tabled2 4o rdinate form. an octahedron fbA and1B and a trigonal
for 1-3, respectively. o bipyramid for 2 and 3. These values are obtained by
The crystal structures of the anionic phosphorai#esind assuming a proportional displacement from the sum of the
1B, the phosphine, and the phosphine oxide all have van der Waals radit for phosphorus and oxygen toward that

one of the oxygen atoms of the carboxyl group coordinating ¢or the sum of the covalent radfti.e., 3.35 A vs 1.83 A.
to the phosphorus atom. Upon removal of the proton from

3lp, -56.9 31p, -124.9

(14) Bondi, A.J. Phys. Cheml964 68, 441.

(12) Sheldrick, G. M. SHELXL-97: program for crystal structure refine- (15) Tables of Interatomic Distances and Configuration in Molecules and
ment, University of Gtiingen, Gdtingen, Germany, 1997. lons Sutton, L., Ed.; Special Publication Nos. 11 and 18; The

(13) McArdle, P.J. Appl. Crystallogr.1995 28, 65. Chemical Society: London, 1958 and 1965.
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Table 2. Selected Bond Lengths (A) and Angles (deg) ¢ and 1B

1A 1B 1A 1B
P—O(1) 1.796(1) 1.772(3) O(BC(7) 1.322(2) 1.320(7)
P—0(3) 1.746(1) 1.770(3) O(BC(7) 1.223(2) 1.227(7)
P—0(5) 1.901(1) 1.898(3) O(3)C(17) 1.339(2) 1.361(6)
—C(1) 1.849(2) 1.854(5) O(4)C(17) 1.210(2) 1.220(6)
P—C(11) 1.854(2) 1.854(5) O(5)C(27) 1.302(2) 1.313(6)
P—C(21) 1.857(2) 1.860(4) O(B)C(27) 1.229(2) 1.236(6)
O(1)-P-0(3) 176.47(6) 177.7(2) O(GP—C(l) 172.84(7) 176.7(2)
O(1)-P-0(5) 85.54(5) 88.3(2) O(3)P—C(11) 83.84(6) 82.8(2)
O(1)-P-C(1) 87.45(6) 88.7(2) O(5)P—C(21) 84.34(6) 84.0(2)
O(1)-P-C(11) 92.40(7) 92.0(2) C(BP-C(11) 95.02(7) 95.7(2)
O(1)-P-C(21) 90.20(6) 90.2(2) C(BP-C(21) 97.15(7) 97.6(2)
O(3)-P-0(5) 91.06(6) 89.4(2) C(1HP-C(21) 167.65(7) 166.6(2)
O(3-P-C(1) 95.98(7) 935(2) C(AOL)-P 115.9(1) 115.7(4)
O(3-P-C(11) 88.16(7) 87.9(2) C(1POB)-P 116.8(1) 115.0(3)
O(3)-P-C(21) 88.53(7) 89.4(2) C(POBG)-P 115.7(1) 116.1(3)

Table 3. Selected Bond Lengths (A) and Angles (deg) 2or

P-C(1) 1.852(2) P-O(1) 2.696(2)
34 P—C(8) 1.848(2) O(1FC(7) 1.242(3)
P—C(14) 1.837(2) o(2¥C(7) 1.246(3)
C(1)-P-C(8) 101.39(9) C(8yP-0(1) 174.49(8)
c3s C(1)-P-C(14) 102.87(9) C(14yP-0(1) 79.51(8)
C(8)-P—-C(14) 97.79(9) C(AO1)-P 103.07(1)
C(1)-P-0(1) 74.71(7)

Figure 2. ORTEX diagram ofl1B.
Table 4. Selected Bond Lengths (A) and Angles (deg) 3or

T/.\P r P-0(3) 1.477(1) P-O(1) 2.863(2)
P—C(1) 1.826(2) O(1FC(7) 1.241(2)
HIA - -‘W P—C(8) 1.821(2) o(2rC(7) 1.249(2)
\f/v P—C(14) 1.809(2)
T 0(3)-P-C(1) 114.45(8) O(3yP-0(1) 79.24(8)
o\ Hm*\ 1 O(3)-P—C(8) 109.25(9) C(1P-0(1) 72.44(6)
‘/.' c14 0(3)-P—C(14) 116.36(8) C(8}P-0(1) 170.97(7)
o @ C(1)-P-C(8) 105.69(8) C(14yP-0(1) 72.22(6)
cw( C(1)-P-C(14) 109.08(8) C(AO@)-P 96.1(1)
m C(8)-P—-C(14) 100.60(8)

Figure 3. ORTEX diagram of2. Table 5. Comparison of Oxygen Donor Distances (A) in the

Carboxylate Aniond—3 with Those in the Parent Acid8—D

neutral P—0O % anionic P-0 %
C” compd distance TBP® compd distance TBP? AP
}:&\/g\ O B 298402y 24 1A 1.901(1) 95  1.083
Cw 1B 1.898(1) 96 1.086
““’ . C 2.806(1) 36 2 2.696(2) 43  0.110
3.075(2) 18 3 2.863(2) 32  0.212

_g O D

H1B® It a Percent structural change from a tetrahedron to a TBP except that for
Ay- ) g K%

A B, 1A, and 1B, which is the percent structural change from a TBP to an

cu >

octahedron® A is the shortening in the PO donor distance on going to
the carboxylate anion from the acid forfmAverage distance of two structure
determinations of crystals & from different solvents. The individuaHO
distances are 3.000(2) and 2.967(2) A.

@

Cl

C18]
Clﬁ

Figure 4. ORTEX diagram of3. values. As seen in Table 2, the oxygen atoms bonded to

phosphorus have longer<DO lengths in the range 1.362

The extent of this displacement faA and 1B is nearly 1.361 A. The remaining three-€ bond lengths are shorter,
complete, where they are no longer carboxylate anions butin the range 1.2161.236 A.
are now phosphoranate anions. These are examples of the The donor bond in the anion dfA and 1B is clearly
first hexacoordinate anionic phosphorus compounds contain-distinguishable since the geometry of the parent acid is
ing at least three phosphorusarbon bonds. retained. In the parent pentacoordinated carboxylic acid, all

That1A and1B are now phosphoranates is apparent from the phosphoruscarbon bonds are in one plane and the two
the differences in the €0 distances. Fa2 and3, the C-0O phosphorusoxygen bonds are trans to one anottefhe
distances in the carboxylate groups are very similar, in the same holds true for the hexacoordinate anions also. The sixth
range 1.24%1.249 A as noted in Tables 3 and 4. This is coordination in forming the phosphoranate anion occurs
expected for delocalized carboxylate anions. By contrast, theopposite to a PC bond. As expected, due to a poorer trans
C—0O distances fol A and1B reflect single and double bond  effect, the resultantPO bond is weaker as measured by its

1648 Inorganic Chemistry, Vol. 41, No. 6, 2002
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Chart 1 o]
i ] :
Qc\o o€ o
P P /0/ [ sty
‘\O | £
) [o] o o\ O: O\C
¢ c : I
I I ' S
0 Y EN /H :
I It /"‘3 ROE
Et . @T
. . Et
longer distance compared to the ® distances that are trans H

is 1.901 A compared to 1.796 and 1.746 A for the tran©P

bonds. Similarly forlB, the former length is 1.898 A while /@0/
the trans P-O bond lengths are 1.772 and 1.770 A. T 7 ot
C/ try

The 3P chemical shifts obtained fdr—3 and B—D are

to each other. As shown in Table 2 fbA, the former length Qﬁ
C

0 T o
indicative of their coordination numbers that are present in I Bt /E'/H.‘—o%
the crystal structure determinations. As seen in the schematic ° e o
representations in the Introduction, there is a strong upfield

fe) .-

shift on going from the carboxylic acid fori to the anions O'L\ M
1A and1B. This is consistent with the formation of the strong /
P—O bond, leading to hexacoordination (Table 5). In line N
with the smaller increase in coordination experienced by the
phosphine2 and the phosphine oxid the3'P upfield shifts E:r
are much less relative to the acid forms.

Chirality .

Since there is no symmetry in the phosphoranafesnd Figure 5. Schematic illustrating the hydrogen-bonded dimer arrangement
1B, two possible isomers exist for these asymmetric tricyclic gor 1A (top) and3 (bottom). The dimer depiction f& is similar to that for
anions. They are shown in Chart 1. '

The crystal structure ofA in Figure 1 displays isomer | Table 6. Hydrogen Bond Distances (A) and Angles (deg) for3:

at the top and isomer Il at the bottom. For the crystal structure D—H--A d(D—H) d(H---A) d(D---A) T(DHA)
of 1B, isomer Il is presented in Figure 2. Since a chiral 1A N-H1A--02 0.90 193 2.822(2) 171
selective reagent was not used 1oiit is expected that both 1@ m::f_zég‘a x.1-y1-2 %-992 12-%2 22;711((?) 11‘;2
chiral isomers are present in equal amounts. This is apparent, ™ \_p1g...01 0.90 180 26643 159
from the crystal data, which show that botA and 1B 2 N-H1A--02(-x,1-y,2—2 0.90 1.84 2.705(3) 162
belong to nonchiral space groups. 3 N-HiA--Q2 090 185 27322 167

i N-H1B+-Ol(-x,1—-y,1-2 090 182 2692(2) 162
Hydrogen Bonding. The crystal structures d? and 3

(Figures 3 and 4) reveal dimer formations due to the presence
of hydrogen bonding similar to the dimers found for the
structures of the acid forns andD. However, the hydrogen  yistancés suggests that a value of about 4.5 kcal/mol applies
bonds in the present study are a result of mterac_uorys betyveerhere_ The phosphoranaté# and 1B that have achieved

the carbonyl oxygens and the protons of the cationic amines,nexacoordination by forming a covalentP bond have
giving C=O—H—N interactions, whereas the hydrogen |5nger hydrogen bond distances, presumably because of the

aD is the hydrogen atom donor, and A is the hydrogen atom acceptor.

bonds involving the acid forms result in-H—0 interac- reduced electron density at the carbonyl oxygen atom.
tions. The phosphoranateA also exists in a hydrogen- To establish a relationship betweer® bond distance
bonded dimer arrangement (Figure 1), whillB is repre- 5 interaction energy, we employed an exponential function

se_nted as a simple anignatipn hydrogen-_bonded structure  governing these quantities. The-B single bond energy is
(Figure 2) by necessity since the cation has only one gstimated as 80 kcal/mol, and the sum of the covalent radii
hydrogen atom. The_schematlc of Figure 5 perhap_s rendersyg phosphorus and oxygen is 1.83!AWith the use of the
the hydrogen bonding more clearly. Table 6 lists the g,m of the van der Waals radii of 3.35 A for these two atoms
hydrpgen b‘_)“d parameters fbr-3. o and setting this distance to correspond to zereOPbond

It is possible to compare-+O donor coordination and  energy, one may define the exponential relation to connect
hydrogen bonding in a more quantitative fashion. The these limits.
hydrogen bond interactions shown in Table 6 are shorter for
2 and3 and are confined to a narrow range, 26673 A. (16) Pimental, G. C.; McClellan, A. [The Hydrogen BondV. H. Freeman
Examination of the literature onNH—O hydrogen bondin and Co.. San Francisco, 1960.

’ - yarog 9 (17) Huheey, J. E.; Keiter, E. A.; Keiter, R. Inorganic Chemistry4th
with regard to the relation between enthalpy andQ ed.; Harper Collins: New York, 1993; Appendix E.

Inorganic Chemistry, Vol. 41, No. 6, 2002 1649
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Chart 2
Asp274
NN---H---0"="0 - His323
:I\_<H'532 Asp13g y o 4 )NH r( His286
¢ P 18.
H Hinzs\ ¢ \o( N T
Co Y o NS
H,N % S O ~~ Mg
| o3 ) Arg69 NN /Me(") Oxy’Asn201
c’o—fos-_—--H-——-r?_ O,-’Fe\(‘m) g R %—uz
}:i S _ T s
?\R ; Try167 o (/PTQO HN\\/—?H/ His2%
3 —Y—Asp33 ; "HN
1 g s g” B
| P . N )
H---N7EN----H His202H H o Hisos
His82
(a) a proposed intermediate in (b) a proposed intermediate for the
phosphate activation by PI-PLC. hydrolysis of phosphomonoesters by PAP.

This procedure allows an estimation of the® donor interaction at phosphorus, leading to a hexacoordinated state.
energies forl—3. These are in kilocalories per mol2) (16 We have reported an outline of this type of mecharfism.
and @) 6.5. The close approach of the-B bond distance Recent enzymatic studies continue to focus solely on
to the covalent value for the phosphoranaids and 1B proposed TBP transition states, e.g., the mechanistic study

suggests that their energy is near 80 kcal/mol. This sameof the cleavage of the phosphate-® bond by phospha-
procedure for the acid forms gave-P values in kilocalories tidylinositol-specific phospholipase C (PI-PLE)and the
per mole C) 10, O) 3.5, and B) 5.0 For these latter  hydrolysis of phosphomonoesters by purple acid phosphatase
substances, the-FO donor energies were estimated to range (PAP)3* Potential donor oxygens from active site residues
from less than to more than the-®1—0O hydrogen bond  exist in these enzymes as they do in many other phosphoryl-
energy, which was assigned a value of 5.5 kcal/thah transfer enzyme&35-39 In the former system, carboxylate
the present series, the anionic forfis3 have greater PO goups are present in the form of an Asp residue, Chart 2a.
donor energies than the acid forms as reflected in the shorteiin the latter enzyme, in addition to four Asp residues at the
P—O distances (Table 5), and as a consequence, these valueactive site, there is a carboxylate-containing Glu, a Tyr, and
all exceed the estimated hydrogen bond energies. an Asn residue, Chart 2b. In addition, one may not easily
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nucleophiles in initiating attack of a phosphate substrate. present study has more closely modeled active sites of
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