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REACTIONS BETWEEN PHOSPHORUS HALIDES
AND (E)-1-TRIMETHYLSTANNYL-2-
DIETHYLBORYL-1-BUTENE

BERND WRACKMEYER{} and ARMANDO ARIZA-CASTOLO%

Laboratorium fiir Anorganische Chemie, Universitit Bayreuth,
D-95440 Bayreuth, Germany

(Received May 17, 1994)

It was found that (E)-1-trimethylstannyl-2-diethylboryl-1-butene (1) reacts very slowly, accompanied
by extensive decomposition, with phosphorus halides such as PX; [X = Cl (2a), Br (2b)] or PhPCl,
(3)]- Only in the presence of a large excess of PBrs, the expected alkene derivative, (E)-1-dibromo-
phosphinyl-2-diethylboryl-1-butene (7), is formed and can be isolated. In contrast, if aminophosphorus
halides {(Me,N),P—ClI (4), [CH,(Me)N],P—Cl (5), [OCH,CH,(Me)N]P—CI (6)} are used, the exchange
process (Me,SnCl is eliminated) is much faster and leads quantitatively to the corresponding alkene
derivatives 8-10 in which a strong coordinative N—B bond is present. Addition of sulfur or selenium
to 8—10 leads to the adducts 8(S)-10(S) and 8(Se)—10(Se) in which coordinative S—B or Se—B bonds
exist. All products were characterized by multinuclear 1D and 2D NMR techniques which also led to
the determination of many absolute coupling signs e.g., of J(*'P**C) and 2J(*'P'H).

Key words: Alkenes; phosphinyl- and boryl-substituted—exchange; Sn—C against P—C bond-coordination;
N—B, S—B, Se—B intramolecular-NMR; multinuclear-coupling-sign determination.

INTRODUCTION

Exchange reactions between phosphorus halides and tetraorganotin compounds
can be exploited to form new phosphorus-carbon bonds.! In the course of such
reactions one expects that the more polar Sn—C—= bond in alkenyltrialkyltin com-
pounds is more readily cleaved than the Sn—alkyl bond, and that PX; (X = Cl,
Br) is more reactive than bis(amino)phosphorus halides or similar compounds. In
continuing our studies of the reactivity of organometallic-substituted alkenes, we
have investigated the reaction between (E)-1-trimethylstannyl-2-diethylboryl-1-
butene? (1) and various phosphorus halides (2-6). It was intended to synthesize
alkenes with a phosphinyl and a boryl group in cis-position at the C=C double
bond in order to study the interaction between these substituents. Only few ex-
amples of such compounds have been reported in the literature,>* some of which

PX;  PhPCl,
2a,b 3
Me,Sn>_<BEt, X=ClLBr Me
H” “Et u )
1 (Me,N),PCl ( ’;(\P-CI E O/\P—Cl
g4 Me (=
s

tAuthor to whom correspondence should be addressed.
1On leave from Centro de Investigacion y de Estudios Avanzados del I.P.N., Departamento de
Quimica, A.P. 14-740, 07000 Mexico D.F., Mexico.
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possess a coordinative P—B bond as shown by "B NMR,? *'P NMR?** and X-ray
analyses. %

Previously it was found that the reactivity of compounds of type 1 is determined
by the combined effects of the stannyl and the boryl group.® If the stannyl group
can be replaced by a phosphinyl group another interesting class of functionally
substituted alkenes®* would become readily available. The major analytical tool
used in this work is multinuclear one- and two-dimensional NMR spectroscopy for
monitoring reactions, investigating the dynamic behavior and establishing the pro-
posed structure, including also various experiments for the determination of signs
of coupling constants J(3'P**C) and J(*'P'H).®

RESULTS AND DISCUSSION
Synthesis

The reaction between 1 and an equimolar amount of 2a,b or 3 was slow, even at
40-50°C, and after several days trimethyltin chloride and a great number of un-
identified decomposition products were formed, as shown when the progress of
the reaction was monitored by *!P and "Sn NMR. If a large excess of PBr; (2b)
was present, a clean reaction with 1 was observed. This afforded the expected
alkene derivative 7 [Equation (1)]. The alkene 7 is a yellowish, extremely air- and
moisture-sensitive oil and decomposes after a few hours at room temperature.

Me,Sn_ BEt Br,P BEt
PN B, ——— 2 2 )
H 1 Et - Me,SnBr 7Et

In contrast to the reaction between 1 and 2 or 3, a smooth and quantitative
reaction took place between 1 and 4—6 which started already at low temperature
(< =~ 30°C) and was essentially complete at room temperature or after a few minutes
at 40°C. The pure alkene derivatives 8-10 [Equations (2—4)] were isolated as
moisture-sensitive, yellowish oily liquids after removing Me;SnCl in vacuo. Ac-
cording to the NMR data (vide infra) there is a fairly strong coordinative N—B
bond in 8-10 which proves that the exchange took place with retention of the
configuration at the C—C bond.

Me,,  ~Me
Me,Sn_ BEt Me,N-F  BE
e —-—

BN e (MeNI P —— 2 @

H” “Et - Me,SnCl Et

1 8

,,,'.N,Me

Me,Sn_ BEt, -7 BEt
. [ 2 &)

H T OEt

-0 —
1 - Me,SnCl Me H>-<Et
9

0FZ = §
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Me 4..N/M°
| N\
Me,Sn_ BEt, N o-7" BEt,
+ [ - — < (4)
H” “Et 0/ - Me,SnCl Et
1 (=

The surprisingly high reactivity of 1 towards the phosphorus halides 4-6 can be
explained by assuming a donor-acceptor interaction between one of the amino-
nitrogen atoms and the electrophilic boron atom of the Et,B group in 1 as shown
in 11. Once the phosphorus halide is anchored, the next step, cleavage of the
Sn—C= bond, is an intramolecular reaction which proceeds smoothly. Further-
more, a coordinative N—B bond such as in 11 may enhance the polarity of the
P—Cl bond. This mechanistic suggestion is supported by the observation that 1
did not react with phosphorus halides of the type 4—6 if the NMe groups were
replaced by more bulky NR’ groups (R’ = ‘Bu, 'Pr). Even in the case of (Et,N),PCl,
the reaction with 1 did not proceed in a rate comparable to that of 4 and 1. Clearly,
one or two sterically more demanding groups attached to the nitrogen atom would
significantly weaken or even prevent a coordinative N—B bond. In contrast with
4-6, donor-acceptor interactions between 2a,b or 3 and 1 should be very weak
and therefore, any exchange processes will depend solely on intermolecular inter-
actions between the organotin fragment and the phosphorus halide.

Lo,

crP- N
Me;Sn BEt,
HHEt

11

The alkenes 810 were treated with sulfur and selenium to give the corresponding
adducts 8(S)—10(S) and 8(Se)-10(Se) [Equation (5)]. These reaction were carried
out in a small scale for NMR studies. From the NMR data (vide infra) it turned
out that there is no N—B coordination but the sulfur- or selenium atom bridges
the phosphorus- and boron atoms in 8(S)-10(S) and 8(Se)-10(Se), respectively.

M%_N,Me Me Me

7\ p N’ p, N’
Me,N—F  BEt, BEtz 0¥ | BEt,
HHEt Me H> NE “Et
8 10
| |
+E (S, Se) (5)
¢ g
r]/le hllle
E N E N E
7\ %, /N “
(Me,N),F  BE, EN,P BEt, E “¢F  BEt,
Et MeH” “Et >'<

8(S)(Se) 9(S)(Se) 10(S) (Se)
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Such a bridging function has been observed previously in 12, and was established
by 3'P NMR and, in the case of E = S, by an X-ray analysis.* Similar to 8(S)(Se)-
10(S)(Se), the compound 12 is formed by treatment of the corresponding alkene
with sulfur or selenium at room temperature.*

E
Ph,¥  B"Bu,
Ph Bu
12(5)(Se)

NMR Spectroscopic Results

HB., 13C. and 3'P NMR data of the alkene derivatives 7-10 are given in Table I,
and the experimental part contains the 'H NMR data. The proposed structures of
the alkenes 7-10 are supported by the consistent NMR data sets.

It appears that there is no coordinative P—B interaction in 7, as indicated by
"B = +86.2, typical’ of a trigonal planar surrounding of a boron atom which is
linked to three carbon atoms with negligible (pp)7 CB bonding. The latter is also
apparent from the fairly shielded *C(P—C=) nucleus in B-position with respect
to the boron atom.® The absence of even weak P—B bonding is further confirmed
by comparing the §*'P value of 7 (6 = + 149.8) with that of Br,P—CH—CH, (8*'P
= +148.6).° There is no appreciable change in the §''B or 8'P values at lower
temperature in solution. The negative sign of 'J(*'P**C) and the positive sign of
2J(3'P'H) is also typical of a phosphorus atom with such substituents.®

The 8!!'B values of the alkenes 8-10 lie in the characteristic range’ observed for
tetracoordinate boron atoms with a coordinative N—B bond in addition to three
organyl groups. The bridging function of an amino group between the phosphorus
and boron atom causes significant deshielding of the 3'P nucleus (compare e.g.
Ph—P(NMe,),, 8*'P = +102,'° and Ph—P[N(Me)CH,CH,0], 8*'P = 141.8)."!
The pattern of 'H- and *C NMR signals of the NMe groups (Figure 1) and of the
NCH,- and OCH, groups are in complete agreement with the proposed structure
of 8-10. This pattern proves that opening of the N—B bond must be slow as
compared to the NMR time scale. The well known dependence'? of magnitude and
sign of 2J(*'PN'3C) and 3J(*'PNC'H) on the mutual orientation of the P—C bond
and the lone pair of electrons at the phosphorus atom is observed. Interestingly,
the sign and magnitude of 'J(**P'3C) changes from +4.9 Hz in 8 to —9.5 Hz and
~23.6 Hzin 9 and 10, respectively, whereas the sign of 2/ (*'P'H) remains constant.

The absence of the influence of the lone pair of electrons at the phosphorus
atoms in the sulfur-(8(S)—10(S)) and selenium adducts (8(Se)-10(Se)) causes the
expected changes in many NMR parameters. Most notably are the large and positive
coupling constants 'J(*'P'*C). The 8''B values are temperature dependent (see
Table I) and better !'B nuclear shielding is observed at lower temperature. The
31p puclear shielding changes very little under these conditions. Temperature de-
pendent 'H- and *C NMR spectra also do not change significantly in order to
make an unambiguous decision for N—B or E—B (E = §, Se) coordination. in
the case of E = Se, 77Se NMR parameters should give a reliable answer. The mag-
nitude of the coupling constants |'J(7’Se3'P)| in 8(Se)—-10(Se) is smaller than in
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TABLE I
NB., BC-, 3'P- and 7"Se NMR data® of the alkene derivatives 7 to 10

Comp. 87 8% |[s"8
No. B-C= | P-C= | =C-CH,-CH,| B-CH,-CH,| N-CH, | N/O-CH,
7 1754 |126.8 |277,99 |at7, 12 [-- -- 1149.8).86.2
wr)  |F43.3)[[22.6][3.9] |br)
[50.0]
8 1858 |15.4%|288, 17 |135 127 |438%4119) - +159.2| +3.1
r)  |t+4.9) |[8.91{4.9]1 | (br) [+41.7){1.0)
17,106 |[435°389°
br) karslfzsf]
8(S) 2014 |1088 (275126 |184,122 (368 - 976 |+16.39
) |1299)|(20.5"t1.0 | o) [-3.0)
8(se) | 2004 |6 |27.4,130 lB7,126 [373 -- l96.5 [+19.99
b [b118.0](30.5][1.0] |tbr) [-3.0] (6068}
[37.4]
9 1814|1216l 281,15 144,124 39.8, 41.2%|57.8,54.4%|+174.3 +4.6
® |95l |r9kie.a  fen £31.5169.7)( (4.9](7.9)
12.8,10.9
(br)
9(s) 2078 {107 {277,126 |82, 123 |:7 485 kass |«12.79
oo #1308 325ME20) [on (-6.9] t5.9"
9(se)™| 2077 [114.3 (276,129 |189,129 321 487 +94.8"(+18.4°
br) k1180l (33.5M 1.0} & (69" [4.9] 1603.0}
10 1881 [121.3P(280,1.4 |146,121 [420 55.6, 69.2 [201.49)45.6
wr  |F23sl|5.9K6.91 | 2071 |[2.0]010.8)
136,106
{br}
108) | om  [1107 [27.7,122 [176,120 314 49.3,65.8 |+112.4 |+16.39
$1388)f (34.5M12.0) | or) -6.9) [9.9)(4.9)
176, 11.5
(br)
10se) | 2082 |na7 [277,122 |81, 128 [320 49.7, 66.4 [+114.2 {+20.99
) |P2s0) (33.4M03.0] o) {3.0] 17.9](59) {16673}
532

[a) Measured in C¢Dg at 298 K if not mentioned otherwise; coupling constants
J™PC) in Hz are given in square brackets; coupling constants 'J(Se'P) in Hz are
given in curved brackets, (br) denotes the broadened ¥C NMR signal of a boron-
bonded '*C nucleus; nm = not measured, the signal was tco broad.

B) W(PC="C) 54.7 Hz

(<) NMe Group in syn-position with respect to the orientation of the lone pair of electrons
at the phosphorus.atom.

(d] NMe Group in anti-position with respect to the orientation of the lone pair of electrons
at the phosphorus atom,

[e] Linked to three-coordinate nitrogen.

[ 29C'P*RI/2UC"PH) < O (negative tilt in °C/'H HETCOR).

[g) 8B at 300K, 5"8 = 0 (+ 2) at 233 K.

fl PR 2IPYC) ¢ 0 (negative tilt in **C/*H HETCORY).

) 87Se (300 K) = -243.9 {606.8); (233 K) -258.3 {588.8}

(j) "H¥c="C) 52.0 Hz

K1 CPHIICTPIC) > 0 (positive tilt in 1°C/'H HETCOR).

D1 29CPR)/2C'PC) > 0 (positive tilt in *°C/*H HETCOR).

[m] 87Se (300 K) -172.4.

[n) J("se®P) (270 K) 598.0 Hz.

[o] 5"B at 300 K; "B = 2.6 (+ 1) at 233 K.

[p] 'X(YC=1C) 51.2 Hz.

[q) INEPT-HEED: WC'P™N)  43.5 Hz; isotope induced shift 'A'S/*N(*'P) = =23 (+1) ppb.

[r] 8™Se (300 K) = -145.5 (667.3}; (233 K) -152.3 {651.8).
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FIGURE 1 67.95 MHz '*C{'H} NMR spectrum of compound 8 at 25 * 1°C. Note the four different
signals (9, 10, 11, 12} of the PNMe groups which prove (i) that the coordinative N—B bond is kinetically
stable with respect to the NMR time scale and (ii) that there is restricted rotation about the exocyclic
P—N bond. There are also two sets of '*C NMR signals for the BEt, group.

other comparable selenium adducts.'? This is in accord with the known trend for
|'J(77Se3'P)| in complexes of R,PSe.'* Furthermore, smaller values |'J(7’Se*'P)| in
8(Se)-10(Se) are observed at lower temperatures. The 7’Se nuclear shielding in-
creases slightly with decreasing temperatures. Together with the known molecular
structure of 12(S),* all evidence points towards the preference for a chalkogenide
bridge in all of the alkenes 8(S)(Se)—10(S)(Se).

EXPERIMENTAL

The synthetic work and the handling of the NMR samples was carried out in an inert atmosphere (N,
or Ar). Hexane was distilled from Na/K alloy prior to use. The alkenyltin compound 1° and the
phosphorus halides 4'°, 5'® and 6'7 were prepared following the literature procedures. In the case of 1,
it is essential to purify the compound immediately after its synthesis by distillation in order to avoid
the formation of a mixture of isomers.

(E)-1-Dibromophosphinyl-2-diethylboryl-1-butene (7).  After addition of 16.2 g (60 mmol) of PBr, (2b)
to 0.287 g (1 mmol) of 1, the mixture was stirred at 40°C for 1 h. An extremely air- and moisture-
sensitive, yellow oil was left when all volatile material had been removed in vacuo. The yellow oil was
identified by NMR as pure (>95%) 7.

‘HNMR (C,D,): 8'H [J(*'P'H)| = 6.67 [ +12.0]d,t (*J('"H'H) = 1.7Hz) 1H,=CH; 1.88d.q (*(‘"H'H)
= 1.7 Hz, ¥J(*"H'H) = 7.3 Hz) 2H, 0.73 [0.9] d,t (J(‘"H'H) = 7.3 Hz) 3H, =CEt; 1.12-1.15 m, 4H,
0.87 t (J('"H'H) = 7.3 Hz) 6H, BEt,.
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(E)-1-Bis(dimethylamino)phosphinyl-2-diethylboryl-1-butene (8). To a solution of 0.861 g (3 mmol) of
1 in 5 mt of hexane 0.465 g (3 mmol) of bis(dimethylamino)phosphorus chloride (4) was added in one
portion at room temperature. The reaction was complete after stirring and warming the mixture up to
40°C for 2.5 h. All volatile material was removed in vacuo and a yellowish oil was left, identified as
pure (>95%) 8.

'H NMR (C,D,): 8'H [J(*'P'H)] = 5.35[+39.5] d, 1H, =CH; 2.22 [5.5] d,q (*)J(*"H'H) = 7.5 Hz)
2H, 0.89 t (*J("H'H) = 7.5 Hz) 3H, =CEt; 0.5-0.6 m, 4H, 1.03 t, 0.96 t, (*(J("H'H) = 7.3 Hz) 6H,
BEt,; 2.55 [+12.4] d, 3H, syn-PN(B)Me; 1.83 [1.4] d, 3H, anti-PN(B)Me; 2.28 [+ 14.9] d, 3H, syn-
PNMe; 2.34 [3.7] d, 3H, anti-PNMe. —C,,H,;BN,P (242.15): Calcd. C 59.52, H 11.65, N 11.57; Found
C 59.38, H 11.42, N 11.50%.

The synthesis of 9 and 10 was carried out in the same way as described for 8 except that the formation
of 9 was complete already after mixing at room temperature and, in the case of 10, stirring at room
temperature for 2.5 h proved sufficient.

9: 'H NMR (C,D): 8'H [J(*'P'H)] = 5.46 [46.8] d, 1H, =CH; 2.20 m, 2H, 1.11 t (J('H'H) = 7.9
Hz) 3H, =CEL; 0.51-0.76 m, 4H, 1.04 t CJ('H'H) = 7.7 Hz) 6H, BEt,; 2.47 [ + 13.4] d, 3H, PN(B)Me;
2.25[+14.2] d, 3H, PNMe; 2.20 m, 1H, 3.51 m, 1H, PN(B)CH,; 2.44 [4.3] m, 1H, 2.93 [2.8] m, 1H,
PNCH,.

10: 'H NMR (C,D,): 8'H [J("P'H)] = 5.51 [+46.8] d, 1H, =CH; 2.15 m, 2H, 1.02 t (J('H'H) =
7.0 Hz) 3H, =CEt; 0.48-0.76 m, 4H, 0.9 t, 1.11 t (J('H'H) = 7.5 Hz) 6H, BEt,; 2.19 [+14.3] d,
3H PN(B)Me; 3.14 [4.3] m, 1H, 1.66 [<1] m, 1H, PN(B)CH,; 3.60 {1.4] m, 1H, 3.57 [<1.0] m, 1H,
POCH,. —C,,H,,BNOP (227.11): Calcd. C 58.17, H 10.21, N 6.17; Found C 58.03, H 10.12, N 6.05%.

Sulfur and selenium adducts 8(S)-10(S) and 8(Se)—10(Se). Solutions of 1 mmol of 8-10 in 0.5 ml of
CsD,, were treated with an excess of sulfur or selenium and after 24 h insoluble material was separated
in a centrifuge, and clear brown solutions were left, containing the pure (>95%) adducts.

8(S): 'H NMR (C,Dy): 8'H [J(*'P'H)] = 5.38 [+35.6] d,t (J('H'H) = 1.2 Hz) 1H, =CH; 2.26 [2.5]
dd,q (J(H'H) = 1.2 Hz, J(H'H) = 7.2 Hz) 2H, 1.07 t (J('H'H) = 7.2 Hz) 3H, =CEt; 0.87-0.9
m, 4H, 1.15 t (JCH'H) = 7.3 Hz) 6H, BEt,; 2.29 [ +11.9] d, 12H P(NMe,),.

8(Se): 'H NMR (C,D): 8'H [J('P'H)] = 5.47 [+32.3] d,t (J('H'H) = 1.6 Hz) 1H, =CH; 2.11 [2.7]
d,d,q (J(H'H) = 1.6 Hz, J('H'H) = 7.2 Hz) 2H, 1.00 t CJ('H'H) = 7.2 Hz) 3H, =CEt; 0.66—
0.68'm, 4H, 1.19 t CJCH'H) = 7.3 Hz) 6H, BEt,; 2.36 [ +12.5] d, 12H, P(NMe,),.

9(S): 'H NMR (C,D.): 8'H [J(*'P'H)] = 5.09 [+37.7] d, 1H, =CH; 2.30 m, 2H, 1.03 t CJ('H'H) =
7.3 Hz) 3H, =CEt; 0.88-0.91 m, 4H, 1.28 t (J('H'H) = 7.3 Hz) 6H, BEt,; 2.31 [+12.2] d, 6H,
PNMe; 2.55 m, 2.44 m, 4H, PNCH,.

9(Se): 'H NMR (C,De): 8'H [JCG'P'H)] = 5.17 [+34.2] d, 1H, =CH; 2.26 m, 2H, 1.03 t CJ('"H'H)
= 7.3 Hz) 3H, =CEt; 0.98-0.99 m, 4H, 1.28 t (J("H'H) = 7.3 Hz) 6H, BEt,; 2.28 [ +13.0] d, 6H,
PNMe; 2.37 m, 4H, PNCH.,.

10(S): 'H NMR (C,D¢): 8'H [J(*'P'H)] = 5.28 [+38.4] d,d (J("H'H) = 1.5 Hz) 1H, =CH; 2.27 (3.0]
d.d.t (YOH'H) = 1.5 Hz, Y("H'H) = 7.3 Hz) 2H, 1.00 t (J(H'H) = 7.3 Hz) 3H, =CEt; 0.90-0.93
m, 4H, 1.21 t, 1.20 t (J(H'H) = 7.0 Hz) 6H, BEt,; 2.22 [+ 12.4] d, 3H, PNMe; 2.28 m, 2H, PNCH,;
3.44 m, 2H, POCH,.

10(Se): 'H NMR (C,D): 8'H [J('P'H)] = 5.37 [+35.1] d,t (J('H'H) = 1.3 Hz) 1H, =CH; 2.20
(1.5)d,d,t (JCH'H) = 1.3 Hz, J("H'H) = 7.2 Hz) 2H, 0.98 t (J("H'H) = 7.2 Hz) 3H, =CEt; 0.86—
0.89 m, 4H, 1.14 t (J(H'H) = 7.2 Hz) 6H, BEt,; 2.22 [ +13.2] d, 3H, PNMe; 2.40 m, 2H, PNCH,;
3.57 m, 2H, POCH,.

NMR measurements. NMR spectra were recorded from samples (ca. 10-20% in C,D, at 25°C or at
low temperature in [Dy] toluene) in S mm tubes by using JEOL EX 270 (‘H-, '*C NMR), JEOL FX
90 Q ("'B-, *'P NMR) and Bruker AC 300 or AM 500 spectrometers ('H-, !'B-, '*C-, *'P, 7'Se- and
'“Sn NMR), all equipped with a variable temperature unit. Chemical shifts are given with respect to
Me,Si [6'H(C,DsH) = 7.15, (C,DsCD,H) = 2.03; "*C(C,D,) = 128.0, (C,DsCD,) = 20.4}; external
Et,0—BF, (8'"'B, E ("'B) = 32.083972 MHz), external H;PO, (aq. 85%) (§*'P, E (*'P) = 40.480747
MHz), external neat Me,Se (87’Se, 5 (7’Se) = 19.071523 MHz).

Relative signs of coupling constants J(*'P'*C) and J(*'P'H) were determined via 2D '*C/'H heter-
onuclear shift correlations (HETCOR), observing the positive (alike signs) or negative tilt (opposite
signs) of the cross peaks in the contour plot." Absolute signs of coupling constants were determined
by selective 1D 'H{*'P} heteronuclear double resonance experiments,' observing differential effects on
the "*C satellite signals in the 'H NMR spectra. This allows us to compare the sign of 'J(**C'H) (known
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to be positive?) with that of J(*'P**C). Together with the HETCOR experiments a number of absolute
coupling signs become available.

The 'H- and '*C NMR signals of the NMe groups in 8 have been assigned by NOE difference spectra®
and "*C/'H HETCOR experiments.

Coupling constants 'J(13C="C) were measured by using the INADEQUATE pulse sequence.?? The
coupling constant 'J(*'P*N) and the isotope effects 'A'*"**N(*'P) (negative sign indicates shift to lower
frequency of the "N-—3'P isotopomer) were measured by using Hahn-echo extended (HEED) pulse
sequences.?
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