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Abstract 

The preparation and characterization of various (N-B)-diphenyl-(2-aminoethoxy)boranes derived from ephedrine and pseudoephedrine 
derivatives ( lb-6b)  are reported: (N-B)-diphenyl(l-(R)-phenyl-2-(S)-methyl-2-aminoethoxy)borane (lb), (N-B)-diphenyl(1-(R)- 
phenyl-2-(R)-methyl-2-aminoethoxy)borane (2b), (N-B)-diphenyl[N-(R)-methyl-(l-(R)-phenyl-2-(S)-methyl-2-aminoethoxy)]borane 
(3b-trans), (N-B)-diphenyl[ N-(S)-methyl-( l-( R)-phenyl-2-(S)-methyl-2-aminoethoxy)]borane (3b-cis), (N-B)-diphenyl[N-(S)-methyl- 
(l-(R)-phenyl-2-(R)-methyl-2-aminoethoxy)]borane (4b-trans), (N-B)-diphenyl[ N, N-dimethyl-(1-(R)-phenyl-2-.(S)-methyl-2- 
aminoethoxy)]borane (5b) and (N-B)-diphenyl[N,N-dimethyl-(l-(R)-phenyl-2-(R)-methyl-2-aminoethoxy)]borane (6b). The five mem- 
bered N --> B cyclic structures lb -6b  were assigned based on t H-, ~3C-, t t B- and ~5N-NMR data and all compounds except for 3b-trans 
were subjected to X-ray diffraction analysis showing N ~ B bond lengths of 1.66(2) and 1.64(2)~, for lb, 1.657(9) and 1.664(9)~, for 
2b, 1.68(2)A for 3b-cis, 1.66(l)A for 4b-trans, 1.744(8)A for 5b and 1.74(I)~, for 6b. The study of the intramolecular N ~ B 
coordination by means of dynamic NMR spectroscopy afforded AG ~ values of 67.9, 70.9, 64.8, 68.2, 49.7 and 52.7 kJ rnol- 1 for the 
dissociation of the N ---> B bond in compounds lb -6b  respectively. The results show that steric interactions between the substituents at the 
(2-aminoethoxy)borane ring determine the stability of the N ~ B bond as well as the nitrogen configuration. Theoretical calculations of 
the electrostatic charges for the boron and nitrogen atoms in lb, 2b, 3b-cis, 3b-trans, 4b-cis, 5b and 6b show that the increase of positive 
charge on the nitrogen atom causes a shift to lower frequencies in the 15N NMR spectra. © 1997 Elsevier Science S.A. 

1. Introduct ion  

The work described in this paper continues our stud- 
ies on the intramolecular N --+ B coordination with ( N -  
B ) - d i p h e n y l ( 2 - a m i n o e t h o x y ) b o r a n e s  der ived f rom 
ephedrine and pseudoephedrine derivatives ( l b - 6 b ) .  

A different degree o f  methyl-substitution on the ni- 
trogen atom permits a comparat ive study of  the coordi- 
native N - ~  B bond within two series o f  compounds  
( lb ,  3b, 5b and 2b, 4b, 6b). Data obtained f rom kinetic, 
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theoretic and crystallographic measurements  provide 
new insights into the stability of  this bond that could be 
i m p o r t a n t  f o r  f u t u r e  a p p l i c a t i o n s  o f  ( 2 -  
a m i n o e t h o x y ) b o r a n e s .  T h e  f o r m a t i o n  o f  (2-  
aminoethoxy)boranes has already been used in organic 
synthesis to increase the enantiomeric excess after hy- 
droboration reactions (see for example Ref. [1]) and to 
separate diastereomeric and racemic methoxyborolane 
mixtures [2]. 

Previous studies concerning the determination o f  ki- 
netic parameters for the dissociation o f  N ---> B coordi- 
native bonds include data on intramolecular boronate- 
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amines, borane amines and spiroborates derived from 
catecholborane and ephedrine-type aminoalcohols [3]. 

We have studied the molecular structures of dibenzo- 
bicyclic phenylboronates [4] and bicyclic phenyl- 
boronates derived from N-alkyl-N-(2-hydroxy- 
ethyl)glycines [5], as well as diphenylborinates derived 
from pyridylalcohols [6] by 1H-, 13C-, tIB-NMR and 
X-ray diffraction analysis of single crystals. 

More recently Toyota and Oki reported the X-ray 
structure of 9-[2-dialkylaminomethylphenyl]-bora- 
bicyclo[3.3.1]nonanes [7] and proposed that the barrier 
of the dissociation for N --* B bonds can be correlated 
with the tetrahedral character calculated from bond 
angles at the boron atom. In addition, Ferguson et al. [8] 
reported the equilibrium between four- and three-coor- 
dinate boron species, with the latter formed by scission 
of the N ~ B bond in borosilicates. 

We have also been interested in the study of com- 
pounds containing chiral nitrogen of stable configura- 
tion obtained by nitrogen-boron coordination [9]. In 
these compounds the stereochemistry at the nitrogen 
atom can be deduced from the chemical shifts which are 
affected by steric hindrance [10,11]. The importance of 
chiral boron heterocycles in asymmetric synthesis is 
well documented [ 12-17]. 

2. Results  and discussion 

The preparation of (N-B)-diphenyl(1-(R)-phenyl-2- 
(S)-methyl-2-aminoethoxy)borane (lb),  (N-B)-di-  
phenyl(1-(R)-phenyl-2-(R)-methyl-2-aminoethoxy)bo- 
rane (2b), (N-B)-diphenyl[ N-(R)-methyl-(l-(R)- 
phenyl-2-(S)-methyl-2-aminoethoxy)]borane (3b- 
trans), (N-B)-diphenyl[N-(S)-methyl-(1-( R)-phenyl-2- 
(S)-methyl-2-aminoethoxy)]borane (3b-cis), (N ~ B)- 
diphenyl[N-(S)-methyl-(1-(R)-phenyl-2-(R)-amino- 
ethoxy)]borane (4b-trans),  (N-B)-diphenyl[N,N- 
dimethyl-(1-(R)-phenyl-2-(S)-methyl-2-aminoethoxy)]- 

borane (5b), and (N-B)-diphenyl[N,N-dimethyl(1- 
(R)-phenyl-2-(R)-methyl-2-aminoethoxy)]borane (6b) 
was achieved by reaction of the corresponding aminoal- 
cohol with diphenylborinic acid (Scheme l). 

The 1H NMR, 13C- and 11B-NMR chemical shifts of 
l b - 6 b  are listed in Tables 1 and 2 respectively. Forma- 
tion of cyclic structures can be easily demonstrated by 
spectroscopic methods since the I1B NMR chemical 
shifts (Table 2) lie in the range corresponding to N --* B 
coordination compounds [3-6]. It is interesting to note 
that in contrast to N - B H  3 adducts of ethanolamines 
[10], the ¿~B NMR chemical shifts of ( N -  
B)diphenyl(2-aminoethoxy)boranes are only slightly af- 
fected by substituents at the nitrogen aton% 

Examination of the data in Table 2 shows that the 
~3C NMR chemical shift of C 5 corresponds to values 
between 76.3-78.4ppm in ephedrine derivatives while 
the same carbon is in the range of 80.5-83.0ppm in 
pseudoephedrine derivatives. The aromatic carbon sig- 
nals of the diphenylboryl groups show constant chemi- 
cal shifts and can be assigned based on multiplicity and 
comparison with similar compounds. The ipso-to-boron 
carbon atoms are observed in all cases as broad signals 
in the range of 147-151ppm, the ortho carbon atoms 
appear around 131-133ppm and the meta and para 
carbon atoms between 126-129ppm. All (N-B)-di- 
phenyl(2-aminoethoxy)boranes show diastereotopic sig- 
nals for the two B-phenyl groups due to the existence of 
asymmetric carbons in the ephedrine and pseu- 
doephedrine derivatives. 

The N-methyl groups in the 13C NMR spectra of 5b 
and 6b are observed as single signals at room tempera- 
ture. However, at low temperatures, tlae same carbon 
atoms give rise to two signals. Assignment of each of 
the methyl signals was based on the greater steric 
congestion present for the N-methyl cis to C-methyl 
with a concomitant stronger y-gauche effect. In contrast, 
the methyl group trans to C-methyl appears at lower 
field. A comparison with the ~3C NMR data of the 
analogous compounds 7 and 8 is presented in Scheme 2 

C 6 H 5 ~  OH C6H5 \ C6H5 
B - - O H  ~ R30 C6H5 

R1 .~ .~ . .  N__R4 C6H5 / R1. 5 /~- | -1  • / 

R2 R3/ R2 i C6H5 

R4 

In RI=CH 3 R2=H R3=H I~I=H Ib RI=CH3 R2=H R3=H R4=H 
2a RI=H R2=CH 3 R3=H ~LI=H 2b RI=H R2=CH3 Ra=H R4=H 
3a RI=CH 3 R2=H R3=H R4=CH 3 3b-trans RI=CH 3 R2=H R3=H R4=CH3 

3b-cis RI=CH 3 R2=H R3=CH 3 R4=H 
411 RI=H R2=CH 3 R3=CH 3 R4=H 4b-trans RI=H R2=CH 3 Ra=CH3 R4=H 
5a RI=CH3 R2=H Ra=CH3 R4=CH3 5b RI=CH3 R2=H R3=CH3 R,I=CH3 

RI=H R2=CH3 Ra=CH3 P,4=CH3 6b RI=H R2=CH3 Ra=CH3 R4=CH3 

Scheme 1. Reactions for the preparation of  compounds  l b - 6 b .  
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Table 1 

I H N M R  data  of  ( N - B ) - d i p h e n y l ( 2 - a m i n o e t h o x y ) b o r a n e s  l b - 6 b  in CDCI  3 
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Compound C 4 - C H  3 N - C H  3 NH H 4 H 5 C 6 H 5 

lb  0.62 (d) - -  3.86 3.28 (m) 4.98 (d) 7 . 1 5 - 7 . 5 7  
J = 6.6 Hz J = 5.3 Hz 

2b 1.12 (d) - -  4.12 3.00 (m) 4.49 (d) 7 . 1 9 - 7 . 5 6  
J = 6.6 Hz  J = 9.2 Hz  

3b-trans 0.83 (d) 2.53 (s) 3.90 3.48 (m) 5.49 (d) 7 . 0 9 - 7 . 6 5  

J = 6.6 Hz J = 5.9 Hz 
3b-cis a 0.83 (d) 2.22 (s) 6.85 (m)  3.15 (m)  4.95 (d) 7 . 0 9 - 7 . 6 5  

J = 6.6 Hz J = 6.0 Hz 
4b-trans 1.05 (d) 2.28 (d) 3.66 2.65 (m)  4.44 (d) 7 . 1 5 - 7 . 6 6  

J = 6.6 Hz J = 5.9 Hz J = 9.2 Hz  
4b-cis " 1.05 (d) 2.10 (d) _ 3.52 (m)  4 .80  (d) 7 . 1 5 - 7 . 6 6  

J = 6.6 Hz J = 5.9 Hz J = 9.5 Hz  
5b  0.78 (d) 2.38 (s) _ 3.40 (m) 5.64 (d) 7 . 1 5 - 7 . 5 3  

J = 7.3 Hz J = 7.9 Hz 

6b  0.95 (d) 2 .40 (s) _ 3.20 (m)  4.81 (d) 7 . 1 6 - 7 . 8 6  
J = 6.6 Hz J = 9.9 Hz  

a DMSO_d6.  

[2,10,11]. The 13C NMR chemical shifts of the methyl 
groups in 3b-trans, 3b-cis and 4b-trans follow the same 
trends as those of the spiroborates 9-trans, 9-cis, and l0  
(Scheme 3) [3]. 

In DMSO-d 6, nitrogen coordination to boron also 
gives rise to diastereotopic signals of the NH groups in 
the I H NMR spectra of lb  and 2b. Their assignment 
was verified by a HETCOR 15N-1H NMR experiment 
for l b  (Fig. 1). 

The reaction of diphenylborinic acid with ephedrine 

afforded the two N-epimers 3b-trans and 3b-cis 
(Scheme 1), whereas pseudoephedrine yields mainly 
4b-trans. The ephedrine epimer 3b-trans can be iso- 
lated in pure form from chloroform; however, pure 
3b-trans equilibrates in DMSO to the epirneric mixture 
(3b-trans/3b-cis; K = 1.7, AG ° = - 1.3 kJ mol -  1). The 
same phenomenon is observed for 4b-trans which is 
also obtained pure from chloroform solutions (4b- 
trans/4b-cis; K = 19, AG ° = - 7.1 kJ mol -  li). 

In all cases the N-methyl or the N-hydrogen groups 

Table 2 
13C- and I1B_NMR data of (N-B)-diphenyl(2-aminoethoxy)boranes l b - r b  in CDCI  3 

Com-  C - C H  3 R 3 R 4 C 4 C 5 C - C 6 H  5 C - C r H  5 C - C 6 H  5 C - C 6 H  5 B - C 6 H  5 
pound ipso ortho meta para ipso 

B - C r H  5 B - C 6 H  5 B - C r H  5 I IB  
ortho meta para  

l b  16.0 - -  - -  54.4 77.9 140.1 126.3 128.2 127.2 148.9 
149.7 

2b 16.3 - -  - -  59.1 83.0 140.8 127.8 128.6 128.1 149.4 

3b- 13.4 34.4 - -  61.7 78.4 141.0 126.7 127.4 126.4 148.0 

trans 
3b- 9.6 32.8 - -  59.0 76.3 141.3 - -  - -  - -  151.0 

. b 
ClS 

4b- 13.7 36.8 - -  68.0 81.7 140.8 126.9 127.6 128.1 - -  

f r a n s  

5b 9.6 44.0 44.0 65.2 76.7 141.6 127.1 a 127.2 a 128.3 147.6 
41.9 c 45.5 c 

6b  8.9 44.4 44.4 69.4 80.5 141.2 127.5 128.5 126.3 147.6 
47.3 c 41.9 c 

132.4 127.8 126.3 + 7 . 4  
131.4 127.6 126.6 
132.3 127.6 126.3 + 7 . 0  

131.4 127.0 1215.7 
133.0 128.3 12"7.6 + 5 . 0  

131.9 
130.9 126.6 128.0 - -  

132.6 
133.8 127.9 128.8 + 8 . 0  
131.2 127.3 126.4 
131.9 128.0 126.6 + 5 . 5  
133.2 127.4 126.0 
131.1 a 

133.4 a 
133.4 127.2 128.0 + 9 . 6  
133.5 e 
132.1 e 

a S igna ls  may  be interchanged. 
b In D M S O - d  6. 
c N-Methyl signals at - 50 °C. 
o C ( o r t h o ) - B - P h  s igna ls  at  - 5 0 ° C .  

e C ( o r t h o ) - B - P h  s ignals  at - 4 0  °C. 
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C6H5 41.9 C6H5 47.3 

9.6 CH 3 ~ CIH3 .C6H 5 C1-]3 

CH3 8.9 CH3 
45.5 41.9 

5b 6b 

C6H5 45.6 C6H5 47,9 

I CH3 

CH3 
41.8 43.7 

7 8 

Scheme 2. Comparison of the 1 3 C  NMR shifts between compounds 
5 b / 7  and 6b/8 .  

C6H5 

13.4 CH3. ~-~1- O, / 6H5 
! n 

H e C6H5 
CHa 

34.8 

3 b - t r a n s  

C6H5 ~2.8 

H 

3 b  *cts 

36.8 
C6H5 CH 3 

")21t °, 7 
IN~I3\C6H5 

13.7 CH3" 
H 

C6H 5 

L%. 
j I .fl 

°" i 
CHa 
32.0 

9 - t r a n s  

29.6 
C6H5 C[~ 3 

9, l CH 3 '~ | 0 ~ 

..... • ~ N1,"a\o 
H 

H 

9 - c i s  

30.9 
C6H~ CH 3 

H O 

H 

were used for the dynamic NMR study of the dissocia- 
tion of the N - ~  B bond. Studies of Toyota and Oki 
have shown that the corresponding data of 1H- and 
~3C-NMR experiments are equivalent [3]. The AG ~ data 
were derived from coalescence experiments and are 
compiled in Table 3. 

The dynamic process is shown graphically in Scheme 
4. The dynamic process consists of four steps: N ~ B 
bond dissociation, rotation about the C - N  bond, inver- 
sion of the nitrogen atom and recoordination of the 
N ~ B bond [3]. 

The dissociation processes of the N ~ B bond show 
that pseudoephedrine derivatives 2b, 4b and 6b are 
more stable than the corresponding ephedrine deriva- 
tives lb ,  3b and 5b, in agreement with the fact that the 
trans-arrangement of  the C-phenyl and C-methyl group 
gives a more stable ring. The major factor contributing 
to the destabilization of the cis isomer is probably due 
to the interaction of the substituents that are at a torsion 
angle lower than 52 ° (Table 16). The corresponding 
energy differences are 3 . 0 k J m o l  - t  for l b / 2 b ,  
3.4 kJ mol -  1 for 3 b / 4 b  and 3.0 kJ mo l -  l for 5 b / 6 b .  

The AG'~I_N_R2 values for 5b and 6b are lower than 
those of the corresponding catechol derivatives (11, 
68.0 kJ tool 1 and 12, 80.2 kJ mol -  1, Scheme 5) [3]. 

A comparison of the AG ~' values of the (N-B)-d i -  
phenyl(2-aminoethoxy)boranes derived from ephedrine 
( l b  > 3b >> 5b) and pseudoephedrine (2b > 4b >> 6b) J 
indicates that the less substituted nitrogen atoms give 
the stronger bonding due to differences in basicity and 

It has to be considered that there also exists a solvent effect, 
which lowers the AG* values when changing from DMSO-d 6 to 
CDCI 3. This difference should be significantly less than the observed 
changes in the compounds studied here [3]. 

4 b - t r a n s  i 0  

Scheme 3. Comparison of the t3C NMR shifts between compounds 
3b-trans /9-trans, 3b-cis /9-cis and 4b-trans / lO. 

15 N C6H5 
H C 6 H 5  

# "c~n, 
H 

H 
. . . . . .  I . . . . . . . . .  I . . . . . . . . .  I . . . . . . . . .  I . . . . . . . . .  I " '  

C) 

ii 
1 

tO 

Fig. 1. IH-~SN HETCOR spectrum of l b  (DMSO-d6).  

Table 3 
AG* values c for compounds l b - 6 b  obtained flora ~1-I- and 13C-NMR 
coalescence experiments 

AGRI N-R2 Compound * (kJ mol - ~) 
dissociation process 

l b  67.9 a 
2b 70.9 a 
3b-trans 64.8 a 
4b-trans 68.2 a 
5b 49.7 b 
6b 52.7 b 

a DMSO_d6. 
b CDC13- 

The error is about 1.0kJmol i according to Ref. [18]. 
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C6H5 a ['C6H5 7 C6H 5 b 
R1 .  LC.~3  ~.C 6H5 , ,' , ,, f B. ~ l & O x / 6 H  1 . Rl~k ~..._~.~3 ,C6H 5 

5b RI=CH3 R2=H AG~=49.7 kd tool 1 
6b RI=H R2=CH3 dtG~=52.7 ka tool I 

Scheme 4. Dissociation process due to an interchange of the N-methyl groups. 

steric effects. The energy difference (AAG~RI_N_R2) 
between l b  and 3b-trans is 3.1 kJ m o l -  ~ and the energy 
difference between 2b and 4b-trans is 2.7 kJ m o l -  

tSN NMR measurements (Table 4) show that the 
nitrogen chemical shifts of the (N-B)-diphenyl(2-  
aminoethoxy)boranes are displaced about 20ppm to 
higher frequencies with respect to the free aminoalco- 
hols ( la ,  3a, 5a). The ephedrine derivatives ( lb ,  3b) are 
shifted a few parts per million upfield with respect to 
the pseudoephedrine derivatives (3b, 4b). 

The N NMR shifts also show that a-effects in the 
(N-B)-diphenyl(2-aminoethoxy)boranes  due to N- 
methyl substitution induce small shifts ( <  5 ppm) to 
lower frequencies, while the free aminoalcohols ( la ,  3a 
and 5a) remain fairly constant. Small effects are ob- 
served due to a change in the configuration at C 4. 

The shift to higher frequencies by the coordination to 
the boron atom can be attributed to electron density 
donation from the nitrogen to the boron atom. The loss 
of the labile nature of  the N - H  bond by nitrogen 
coordination to boron is also deduced from the N - H  
coupling, as the JNH values lie in the range of sp3-N 
atoms [19]. 

The AG~I_N_R2 values of compounds l b - 4 b  are 
correlated to the ~SN NMR chemical shifts ~ (Eq. (1)). 

AG~I_N_R2 = 405.63 + 1.046(~5NNMR) 

( r = 0.976; n = 4) (1) 

The correlation shown in Fig. 2 indicates a good 

C6H5 C6H5 

) 4 " <  ,, oHo H ' )-to, ,,oo 0 

H" - "C6H5 CH3"" ~ "C6H5 
CH3 CH3 

5b 6b  

AG¢=.49.7 kJ mo1-1 AG~=52.7 kd mo1-1 

C C6H5 CH3 C6H5 CH3 

CH a CH3 

11 12 

AG*=68.0 kJ reel- 1 AG*=80.2 kO mol- 1 

Scheme 5. AG~m_N_R2 values of compounds 5b, 6b and catechol 
derivatives 11 and 12. 

correspondence between the N ~ B bond ,;trength and 
the 15N NMR shifts which are shifted to lower frequen- 
cies with decreasing dissociation energy. 

2.1. Theoretical studies of  compounds l b - r b  

The correlation between AG~RI_N_R2 and the 15N 
NMR chemical shifts suggests that there, should be 
changes in the distribution of charge around the nitro- 
gen atom for the set of compounds studied. A theoreti- 
cal analysis was performed in order to obtain further 
information about these charge redistributions and about 
the differences in the N ---> B bond strengths. The reason 
for this analysis was to look for trends in the ionic and 
covalent nature of the N --* B bond with the objective of 
establishing whether the N ~ B bond strength is related 
to the increase of charge polarization or to the degree of 
covalency. 

The approach to obtain the mentioned trends is as 
follows: to get an acceptable geometry the molecules 
were optimized by the MNDO method [20]. It is known 
that MNDO geometries give a reasonable description of 
the X-ray results. This is the case for the molecules 
studied, as can be seen in Table 5. 

It is interesting to note that we obtain open structures 
for 5b and 6b. In both cases the closed structures were 
used as a starting point for the geometry optimization. 
This indicates that the ground state for these molecules 
is the open structure, at least in the gas phase. The 
above results, and the fact that the NMR experiments 
show weaker dative bonds for 5b and 6b suggest that 
the MNDO calculations are appropriately reflecting the 

Table 4 
~5N NMR (CDCI 3) shifts of the free aminoalcohols la, 3a and 5a 
and the (N-B)-diphenyl(2-aminoethoxy)boranes lb-4b ~ 

Compound (5 (ppm) IJNH (Hz) 
la - 346.5 - -  
lb - 324. I 71 
2b - 322.4 72 
3a - 346.6 - -  
3b-trans - 328.0 - -  
4b-trans b -- 324.7 74 
5a --351.9 - -  

a L5 N NMR spectra of 5b and 6b could not be obtaine~l, because of 
the fast interchange of positions of the N-methyl groups at room 
temperature that broadens the ~SN NMR signal. 

DMSO_d6" 
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71 121~ • 

."- 7 0 .............. t ................... I ..................... ~ .................... ~ .................... ~ .................... i ................. 

6 8  .................... ...................... i ................ i . . . . . . . .  

87 ..................... ...................... . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . .  i ..................... i ....................... i . . . . . . . . . . . . . . . . . . . . . .  

<1 6 6  ........ ........... ............ i .................... i .................... i ...................... 4 .................... 

6 5  ..... 3ii  . . . . . .  ~ -  

6 4 r  i i ! i i , 
- 3 2 9  - 3 2 8  - 3 2 7  - 3 2 6  - 3 2 5  - 3 2 4  - 3 2 3  - 3 2 2  

ISN-NMR a(ppm) 

Fig. 2. Plot of 15N NMR chemical shifts (ppm) vs. AG~_N_R2 
(kJ mol- i ). 

Table 5 
Comparison of selected calculated and measured (X-ray diffraction) 
bond lengths and angles of compounds lb -6b  

Com- d(B-B) (A) Ph-B-Ph (deg) O-B-N (deg) 
pound 

calc. X-ray calc. X-ray calc. X-ray 

lb 1.67 1.66(1) 111.26 113.5(11) 97.64 99.8(9) 
- -  1.65(1) - -  114.7(11) - -  98.7(10) 

2b 1.67 1.657(9) 111.30 116.5(6) 98 .22  99.3(5) 
- -  1.664(9) - -  114.1(6) - -  99.1(5) 

3b-cis 1.72 1.68(2) 110.83 115.4(19) 96.21 99.4(10) 
3b-trans 1.73 - -  113.80 - -  96.48 - -  
4b-cis 1.72 - -  111.27 - -  99.02 - -  
4b-trans ~ - -  1.66(1) - -  115.3(7) - -  100.6(6) 
5b open 1.744(8) 120.06 113.6(5) - -  99.1(4) 
6b open 1.74(1) 120.00 112.6(9) - -  99.1(8) 

a The MNDO calculation of 4b-trans did not provide an appropriate 
geometry. 

Table 6 
Population analysis of the N-B bond of compounds lb-4b 

Compound MP bond order N-B 

lb 0.1634 
2b 0. 1577 
3b-cis 0.2114 
3b-trans 0.1982 
4b-cis 0.2198 

Table 7 
Calculated (MNDO and single point RHF/3-21G*) electrostatic 
charges of B, N and O 

Compound Electrostatic charge Electrostatic charge difference 

B N O B - N  

lb  0.48 -0.31 -0.70 0.79 
2b 0.39 -0.12 -0.68 0.51 
3b-cis 0.44 -0.09 -0.66 0.53 
3b-trans 0.43 +0.04 -0.67 0.39 
4b-cis 0.40 -0.03 -0.63 0.43 
5b 0.85 -0.56 -0.59 - -  
6b 0.85 -0.41 -0.65 - -  

main  interaction in these systems. Tile N--* B bond 
lengths for l b - 4 b  increase as expected with decreasing 
AG* values ( l b  ~ 3b, and 2b --* 4b). 

Having obtained the M N D O  geometry,  ab initio cal- 
culations were performed at the R H F / 3 - 2 1 G *  level. 
All  calculations were performed with the 6AUSSlAN92 
package. 2 

We selected the 3-21G* basis set: fol lowing two 
main  guidelines. First there is evidence that the use of 
polarization functions is required to describe appropri- 
ately the boron atom environments .  3 Second, we wanted 
to use a spli t-valence basis set, because this kind of 
basis gives a better description of charge, distributions 
[22]. 

The behaviour  of the covalent  strength of the N --* B 
bond was analyzed first. In Table 6 the bond order 
calculated through the Mul l iken  populat ion analysis [23] 
is displayed. It can be seen that the bond  order increases 
with the introduction of one methyl group on the nitro- 
gen atom ( l b  ~ 3b and 2b ~ 4b). 

The quanti ty to measure the degree of the ionic 
character of the N ~ B bond interaction was the differ- 
ence between the electrostatic charges [241] of the boron 
and the ni trogen atoms. The electrostatic charges were 
used, because it has been argued that these values best 
describe the real situation in ionic molecules [24]. 

Table 7 resumes the results of  the calculated charges 
of the boron, ni trogen and oxygen atoms. The values 
indicate that the electrostatic charge difference between 
the boron and the ni trogen atoms diminishes with the 
introduction of a methyl  group on the nitrogen atom 
( l b  ~ 3b)  and (2b--* 4b). This coincides with the in- 
crease of the covalent  character of the N ~ B bond in 
the same direction. These results seem to indicate that 
the N--* B bond strength is related to the electrostatic 
charge difference and the polarization along this bond. 
However,  further studies will be necessary and are in 
progress in order to consider also the inf luence of steric 

effects [25]. 
Compar ing  the electrostatic charge of the ni trogen 

atom with the 15N N MR  displacements (Table 4) it can 
be seen that an increase of the positive character of the 
ni trogen charge causes a shift of  the ~SN NMR signal to 

lower frequencies ( l b - - ~  3b  and 2 b - ~  4b), thus con- 
f i rming that there exists a relationship between the 15N 
N MR  chemical  shifts and the charge around the nitro- 

gen atom. 

2 The structures were edited by use of SPARTAN (version 3.], 
Wavefunction Inc., 18401 Van Karman Avenue, Suite 370, Irvine, 
CA 92715, USA) and calculated with GAUSSIAN92 (Gaussian Inc., 
Carnegie Office Park, Bldg 6, Pittsburgh, PA 15106, USA). The 
electrostatic charge was calculated with SPARTAr,. 

3 It has been observed that for BH2R, BHR 2, BR 3 (R = OH, NH 2 
and CH 3) the description of the boron environment requires polar- 
ized functions [21]. 
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2.2. X-ray crystallography o f  compounds l b - 6 b  

Single crystals of compounds l b - 6 b  have been stud- 
ied by X-ray crystallography. This series of structures 
permits for the first time the direct comparison of 
structural changes with the introduction of one or two 
methyl groups on the nitrogen atom in (N-B)-(2-  
aminoethoxy)borane derivatives. To obtain these results 
we have included in this report all X-ray structural data, 
including those of lower quality. In the cases of l b  and 

Table 8 
Fractional atomic coordinates for compound C21H 22BNO (lb) 

Atom x y x Ui~ o 

O(1)  0 .2417(8)  0.5937(5) 0.5942(7) 0.062(2) 
0(51) 0.2353(7) 0.1314(4) 1.2724(6) 0.049(2) 
N(3)  0 . 4 9 3 ( l )  0 .5732(6)  0.6215(9) 0.060(3) 
N(53) -0.0129(9) 0.1102(5) 1.2453(8) 0.052(3) 
B(2 )  0 . 3 5 0 ( 1 )  0 .5520(8)  0.681(1) 0.047(4) 
B(52) 0 .140(2)  0 .0657(9)  1.271(1) 0.054(4) 
C(4 )  0 . 4 4 9 ( 1 )  0 .6090(8)  0.507(1) 0.075(4) 
C(5 )  0 . 3 1 0 ( 1 )  0 .6466(7)  0.525(1) 0.064(3) 
C(6)  0 . 2 1 7 ( 2 )  0 .6699(9)  0.409(1) 0.080(4) 
C(7)  0 . 1 1 9 ( 2 )  0 .6290(9)  0.348(1) 0.094(5) 
C(8)  0 . 0 3 6 ( 2 )  0 . 6 5 0 ( 1 )  0 .225(2)  0.113(6) 
C(9 )  0 . 0 6 3 ( 2 )  0 . 7 1 4 ( 1 )  0 .193(2)  0.125(7) 
C(10) 0 .167(2 )  0 . 7 6 4 ( 1 )  0 .245(2)  0.134(7) 
C(11) 0 .248(2 )  0 . 7 4 0 ( 1 )  0 .360(2)  0.118(6) 
C(12) 0 .432(2 )  0 .5491(9)  0.401(1) 0.093(5) 
C(13) 0 .324(1 )  0 .4652(7)  0.673(1) 0.060(3) 
C(14) 0 .426(2 )  0 . 4 1 1 ( 1 )  0 .725(1)  0.095(5) 
C(15) 0 .396(2)  0 . 3 3 3 ( 1 )  0 .724(2)  0.107(6) 
C(16) 0 .270(2)  0 . 3 0 9 ( 1 )  0 .668(2)  0.110(6) 
C(17) 0 .169(2 )  0 . 3 5 8 ( 1 )  0 .616(1)  0.093(5) 
C(18) 0 .196(1 )  0 .4329(8)  0.617(1) 0.072(4) 
C(19) 0 .365(1 )  0 .5848(6)  0.820(1) 0.048(3) 
C(20) 0 .330(1 )  0 .5430(8)  0.915(1) 0.070(4) 
C(21) 0 .325(2 )  0 .5745(9)  1.031(1) 0.089(5) 
C(22) 0.364(2) 0.646(1 ) 1.053(1) 0.090(5) 
C(23) 0 .402(2 )  0 .6914(9)  0.964(1) 0.088(5) 
C(24) 0 .400(1 )  0 .6595(8)  0.848(1) 0.075(4) 
C(54) 0 .017(1 )  0 .1887(8)  1.208(1) 0.064(4) 
C(55) 0 .170(1 )  0 .1830(7)  1.185(1) 0.060(3) 
C(56) 0 .256(1 )  0 .2564(7)  1.193(1) 0.062(4) 
C(57) 0 .314(1 )  0 .2824(8)  1.307(1) 0.070(4) 
C(58) 0 .401(2 )  0 . 3 4 9 ( 1 )  1.315(1)  0.096(5) 
C(59) 0 .417(2 )  0 . 3 8 3 ( 1 )  1.209(2) 0.107(6) 
C(60) 0 .366(2 )  0 . 3 5 7 ( 1 )  1.094(1)  0.091(5) 
C(61) 0 .279(1 )  0 .2908(8)  1.088(1) 0.074(4) 
C(62) -0.009(2) 0 .2435(9)  1.308(1) 0.092(5) 
C(63) 0 .169(1)  0 .0245(7)  1.399(1) 0.056(3) 
C(64) 0 .176(1 )  0 .0644(8)  1.508(1) 0.076(4) 
C(65) 0 .201(2 )  0 . 0 2 9 ( 1 )  1.627(1)  0.093(5) 
C(66) 0.219(2) - 0.044(1) 1.630(2)  0.099(5) 
C(67) 0.215(2)  -0.087(1) 1.531(2)  0.099(5) 
C(68) 0.188(1)  -0.0522(8) 1.410(1) 0.077(4) 
C(69) 0 .145(1 )  0 .0118(7)  1.152(1) 0.052(3) 
C(70) 0.040(1) - 0.0424(8) 1.114(1) 0.069(4) 
C(71) 0.047(1)  -0.0903(9) 1.013(1) 0.085(5) 
C(72) 0.164(2)  -0.0897(9) 0.959(1) 0.091(5) 
C(73) 0.267(1)  -0.0362(9) 0.992(1) 0.081(4) 
C(74) 0 .259(1 )  0 .0122(8)  1.088(1) 0.063(3) 

Table 9 
Fractional atomic coordinates for compound C 21H22BNO (2b) 

Atom x y z U~q 

o( 1 ) 0 .2055(4)  0.5400(2) 0.4290(2) 0.0438 
0(51 ) - 0.2898(5) 0.4595(2) 0.4297(2) 0.0508 
N(3)  -0.0461(5) 0.5471(3) 0.4459(2) 0.0466 
N(53) - 0.5402(5) 0.4442(3) 0.4476(2) 0.0468 
B ( 2 )  0 .1035(9)  0.5217(4) 0.4815(4) 0.0445 
B(52) - 0.394(1) 0.4784(5) 0.4812(4) 0.0523 
C(4) - 0.0058(7) 0.5788(4) 0.3818(3) 0.0524 
C ( 5 )  0 .1522(7)  0.5975(3) 0.3907(3) 0.0466 
C ( 6 )  0 .2318(8)  0.6028(4) 0.3287(3) 0.0507 
C(7) 0.302(1) 0.6673(4) 0.3131(4) 0.0750 
C(8) 0.386(1) 0.6688(6) 0.2585(5) 0.1042 
C(9) 0.397(1) 0.6112(8) 0.2196(4) 0.0995 
C(10) 0 .324(1 )  0.5491(5) 0.2327(4) 0.0856 
C(l 1) 0.2406(8) 0.5458(4) 0.2863(4) 0.0742 
C(12) -0.0984(9) 0.6410(5) 0.3620(4) 0.0804 
C(13) 0.1205(7) 0.5699(4) 0.5446(3) 0.0462 
C(14) 0.0165(8) 0.5745(4) 0.5926(4) 0.0654 
C(15) 0 .031(1 )  0.6141(5) 0.6483(4) 0.0741 
C(16) 0 .152(1 )  0.6538(5) 0.6585(4) 0.0778 
C(17) 0 .259(1)  0.6489(4) 0.6134(4) 0.0769 
C(18) 0.2424(8) 0.6098(4) 0.5581(3) 0.0598 
C(19) 0.1138(8) 0.4354(4) 0.4915(3) 0.0477 
C(20) 0.0780(8) 0.3876(4) 0.4450(3) 0.0632 
C(21) 0 .100(1)  0.3139(4) 0.4513(4) 0.0743 
C(22) 0 .161(1)  0.2904(4) 0.5078(4) 0.0832 
C(23) 0 .198(1)  0.3349(5) 0.5537(4) 0.0804 
C(24) 0.1725(9) 0.4087(4) 0.5494(3) 0.0639 
C(54) - 0.4857(7) 0.3970(3) 0.3950(3) 0.0498 
C(55) -0.3587(7) 0.4394(3) 0.3721(3) 0.0520 
C(56) -0.2573(7) 0.4001(4) 0.3277(3) 0.0501 
C(57) - 0.2096(9) 0.3329(4) 0.3406(3) 0.0677 
C(58) - 0.114(1 ) 0.2972(4) 0.2999(5) 0.0893 
C(59) - 0.064(1) 0.3328(6) 0.2480(4) 0.0798 
C(60) -0.107(1) 0.4015(6) 0.2327(4) 0.0923 
C(61) - 0.2057(9) 0.4351(4) 0.2749(4) 0.0738 
C(62) - 0.5932(9) 0.3769(4) 0.3436(4) 0.0757 
C(63) - 0.4058(8) 0.5622(4) 0.4907(4) 0.0524 
C(64) -0.4499(8) 0.6091(4) 0.4391(4) 0.0608 
C(65) - 0.444(1) 0.6823(5) 0.4445(4) 0.0803 
C(66) - 0.396(1 ) 0.7162(4) 0.4976(6) 0.0918 
C(67) - 0.352(l) 0.6729(5) 0.5510(5) 0.0946 
C(68) - 0.3569(9) 0.5983(4) 0.5436(4) 0.0679 
C(69) -0.3661(8) 0.4339(4) 0.5477(3) 0.0536 
C(70) -0.2486(8) 0.3906(4) 0.5541(4) 0.0596 
C(71) -0.2247(9) 0.3527(4) 0.6120(4) 0.0742 
C(72) - 0.316(1) 0.3588(5) 0.6621(4) 0.0815 
C(73) -0.434(1) 0.4008(6) 0.6561(4) 0.0852 
C(74) - 0.4569(8) 0.4389(4) 0.5992(4) 0.0680 

2b the asymmetric unit contains two molecules provid- 
ing a low parameter-to-reflections ratio, especially in 
the case of 2b, that was refined anisotropically. The 
introduction of methyl groups on the nitrogen atom 
weakens the N ~ B bond strength. Therefi)re, in the 
cases of 3 b - 6 b  it was difficult to obtain suitable crys- 
tals for the X-ray diffraction experiment. The number of 
reflections with I >  3o-1 was not sufficient in all the 
cases to refine the structures anisotropicaHy. In spite of  
the above, the data presented are sufficiently good to 
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Table 10 
Fractional atomic coordinates for compound C22 H 24BNO (3b-cis) 

Atom x y z Uis o 

O( 1 ) 0.1809(6) 0.6186(7) 0.7247(6) 0.041 (2) 
N(3) 0.0305(9) 0.4984(8) 0.7888(8) 0.048(3) 
B(2) 0.055(1) 0.626(1) 0.755(1) 0.035(4) 
C(41 0.151(1) 0 .447 (11  0.797(1) 0.049(4) 
C(5) 0.211(1) 0 .511(11  0.707(I) 0.041(4) 
C(6) 0.344( 1 ) 0.495( 1 ) 0.703( 1 ) 0.042(4) 
C(7) 0.388(11 0.395(1) 0.670(1) 0.058(4) 
C(81 0.510(1) 0.383(I) 0.670(1) 0.060(4) 
C(91 0.579( 1 ) 0.464( 1 ) 0.693(1 ) 0.064(4) 
C(10) 0 . 5 3 9 ( 1 1  0.560(1) 0.725(1) 0.062(4) 
C(l 1) 0.416(1) 0 .576(11  0.728(1) 0.047(4) 
C(12) 0.206( 1 ) 0.466( 1 ) 0.904( 1 ) 0.054(4) 
C(131 -0.051(1) 0.473(1) 0.875(1) 0.078(5) 
C(14) 0.040(1) 0.714(1) 0.843(1) 0.044(4) 
C(15) -0.067(11 0.738(1) 0.895(1) 0.055(4) 
C(161 -0.078(1) 0.820(1) 0 .970(11  0.066(5) 
C(17) 0.012(1) 0.876(1) 0.996(1) 0.077(5) 
C(181 0.121(1) 0 .860(11  0.946(1) 0.079(5) 
C(19) 0.134(1) 0.778(1) 0.872(1) 0.055(4) 
C(20) - 0.023( 1 ) 0.6456(9) 0.6474(9) 0.035(3) 
C(21) -0.149(I) 0.644(1) 0.647(1) 0.063(4) 
C(22) -0.211(1) 0.662(1) 0.551(1) 0.059(4) 
C(23) -0.155(1) 0 .684(11  0.462(1) 0.072(5) 
C(24) - 0.036(1) 0.694(1) 0.461(1) 0.064(4) 
C(25) 0 . 0 3 0 ( 1 1  0 .671(11  0.552(I) 0.042(4) 

Table 12 
Fractional atomic coordinates for compound C 23 H 26 BNO (Sb) 

Atom x y z U~q 

O (  1 ) - 0.0741 (3) 0.5020(3) 0.3443(3) 0.0418 
B(2) - 0.1966(6) 0.5348(5) 0.3624(5) 0.0406 
N(3) - 0.2260(4) 0.5916(3) 0.2444(3) 0.0415 
C(4) -0.1064(5) 0.5893(4) 0.1919(4) 0.0401 
C(5) - 0.0532(5) 0.4914(5) 0.2390(4) 0.0413 
C(6) 0.0780(5) 0.4786(4) 0.2172(5) 0.0417 
C(7) 0.1608(5) 0.4937(5) 0.2911(5) 0.0544 
C ( 8 1  0.2798(6) 0.4860(6) 0.2692(7) 0.067 l 
C(9) 0.3141 (6) 0.4603(5) 0.1712(7) 0.0632 
C(10) 0.2325(7) 0.4449(5) 0.0958(6) 0.0650 
C(1 l) 0 .1144(61  0.4522(5) 0.1194(5) 0.0588 
C(I 2) - 0.0345(6) 0.6867(5) 0.2115 (5) 0.0584 
C(131 - 0.2758(6) 0.6990(5) 0.2499(5) 0.0540 
C(I 4) - 0.0929(6) 0.6459(5) 0.5026,(5) 0.0483 
C(15) - 0.1980(5) 0.6190(4) 0.4543,(4) 0.0403 
C(16) - 0.3076(5) 0.5302(5) 0.1803(4) 0.047(/ 
C(17) -0.0888(6) 0.7104(5) 0.5880(5) 0.0553 
C(18) -0.1918(8) 0.7517(5) 0.6274(5) 0.0596 
C(19) - 0.2963(7) 0.7266(5) 0.5804(5) 0.0550 
C(20) -0.2989(6) 0.6620(5) 0.4958(4) 0.0489 
C(21 ) - 0.2802(6) 0.4367(4) 0.3827(4) 0.0423 
C(22) - 0.4035(6) 0.4385(5) 0.3927(5) 0.0548 
C(23) -0.4672(6) 0.3485(7) 0.4171(6) 0.0653 
C(24) - 0.4093(8) 0.2546(6) 0.4340(6) 0.0761 
C(25) -0.2910(7) 0.2504(5) 0.4254(6) 0.0685 
C(26) -0.2253(6) 0.3406(5) 0.4021(5) 0.0557 

Table 11 
Fractional atomic coordinates for compound C24 H30BNO 2 (4b-trans) 

Atom x y z U~,, 

O(1) 0.7074(7) 0.2206(6) 0.1337(6) 0.054(1) 
B(2) 0 . 5 7 3 ( 1 1  0.2760(6) 0.038(1) 0.051(2) 
N(3) 0.3815(8) 0 .2210(41  0.0275(6) 0.051(2) 
C(41 0.451(1) 0 . 1 3 5 5 ( 5 1  0.0743(9) 0.051(21 
C(5) 0.614(1) 0.1586(5) 0.1973(9) 0.050(2) 
C(6) 0.731(1) 0.0857(5) 0.2531(9) 0.051(2) 
C(7) 0.728(1 ) 0.0546(6) 0.390(1 ) 0.069(3) 
C(8) 0.832(2) - 0.0148(7) 0.445(1 ) 0.086(3) 
C(9) 0.941(1 ) - 0.0509(7) 0.363(1 ) 0.082(3) 
C(10) 0.947(11 -0.0235(7) 0 .228 (11  0.078(3) 
C(11) 0.839(1) 0.0477(6) 0.170(I) 0.059(2) 
C(121 0.305(1) 0.0789(6) 0 .117(11  0.070(3) 
C(13) 0.249(1) 0 .2191(71  -0.116(1) 0.072(3) 
C(14) 0.622(1) 0.2851(5) -0.1219(9) 0.048(2) 
C(15) 0 .553 (11  0.3491(6) -0.216(1) 0.061(2) 
C(I 6) 0.583( 11 0.3524(6) - 0.358(I) 0.076(3) 
C(171 0 .686 (11  0.2935(6) -0.407(11 0.071(31 
C(18) 0.757(1) 0.2304(6) -0.319(1) 0.067(2) 
C(19) 0.727(1 ) 0.2256(6) - 0.1754(9) 0.064(2) 
C(201 0.551(1) 0.3632(5) 0.1215(91 O.O57(2) 
C(211 0.384(1) 0.3999(7) 0.130(1) 0.080(3) 
C(22) 0.377(2) 0.4768(8) 0.205(1) 0.088(3) 
C(23) 0 .531 (21  0.5125(8) 0.273(1) 0.093(3) 
C(241 0 .695 (21  O . 4 8 0 0 ( 8 )  0.266(1 ) 0.102(4) 
C(25) 0.709( 1 ) 0.4051(7) 0.189( 1 ) 0.082(3) 

0(2) 0.0889(8) 0.2490(4) 0.2040(6) 0.063(2) 
C(26) 0.131(2) 0.2730(8) 0.355(1) 0.106(4) 
C(27) 0.172(2) 0.2047(9) 0 .453 (11  0.120(4) 

Table 13 
Fractional atomic coordinates for compound C23 H 26BNO (6b) 

Atom x y z Ui~ o 

O(1 ) 0.1652(7) 0.9898(7) 0.2753(o) 0.044(2) 
B(2) 0.097(1 ) 1.0501 (8) 0.393(2) 0.046(3) 
N(3) 0.1673(9) 1.0089(5) 0.626(1) 0.042(2) 
C(4) 0.195(1) 0.9197(61 0.573(1) 0.040(3) 
C(5) 0.257(11 0.9287(6) 0 .385(11 0.039(3) 
C(6) 0.262(1) 0.8483(6) 0.276(1) 0.035(2) 
C(7) 0.130(1) 0.8093(7) 0.178(2) 0.049(3) 
C(8) 0.133(1 ) 0.7320(8) 0.080(2) 0.067(4) 
C(9) 0.272(2) 0.6933(8) 0.088(2) 0.074(4) 
C(10) 0.399(1) 0.7302(8) 0.184(2) 0.070(4) 
C(11) 0.395(l) 0.8069(7) 0.277(2) 0.053(3) 
C(12) 0.296(1) 0.8668(8) 0.734(2) 0.070(4) 
C(13) 0 . 0 6 2 ( 1 1  1 .0100(7)  0.766(2) 0.059(3) 
C(14) 0.308(1) 1.0523(81 0.724(2) 0.060(3) 
C ( 1 5 )  - 0.085( 1 ) 1.0425(71 0.340( I ) 0.047(3) 
C(16) -0.155(1) 0.9873(7) 0.199(1) 0.049(3) 
C(17) - 0.313( 1 ) 0.9786(8) 0.143(2) 0.064(3) 
C(18) -0.402(1) 1 .0256(8)  0.232(2) 0.066(4) 
C(19) - 0.343(2) 1 .0856(9)  0.369(2) 0.079(4) 
C(20) - 0.181(1 ) 1 .0935(8)  0.427(2) 0.062(3) 
C(21) 0.155(1) 1 .1452(6)  0 .375(11 0.037(2) 
C(22) 0.128(1) 1 .2154(7)  0.487(2) 0.060(3) 
C(23) 0.181 (1) 1 .2966(8)  0.460(2) 0.060(3) 
C(24) 0.260(1) 1 .3096(8)  0 .318(21 0.059(3) 
C(25) 0.288(1) 1 .2450(8)  0.201(2) 0.067(4) 
C(26) 0.241(1 ) 1 .1638(7)  0.236(2) 0.049(3) 
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Table 14 
Selected bond lengths (A) for compounds l b - 6 b  

Bond lb  2b 3b-cis 4b-trans 5b 6b 

B-O 1.48(1) 1.487(8) 1.49(1) 1.49(1) 1.477(7) 1.47(1) 
1.48(2) 1.492(9) 

N-B 1.66(2) 1.657(9) 1.681(2) 1.66(1) 1.744(8) 1.74(1) 
1.64(2) 1.664(9) 

Cs-O 1.43(1) 1.421(7) 1.40(1) 1.412(8) 1.407(6) 1.39(1) 
1.40(1) 1.407(7) 

C4-N 1.41(2) 1.496(8) 1.52(2) 1.50(1) 1.525(7) 1.49(1) 
1.50(2) 1.487(8) 

C4-C 5 1.54(2) 1.539(9) 1.55(2) 1.54(1) 1.531(8) 1.53(1) 
1.53(2) 1.509(1) 

allow discussion of the changes in the N ~ B bond 
length, the N - B - O  bond angle, the P h - B - P h  bond 
angle and the dihedral angles in the heterocyclic rings. 

Listings of  fractional atomic coordinates for l b - 6 b  
are given in Tables 8 - 1 3  respectively; selected bond 
lengths for l b - 6 b  and selected bond angles for l b - 6 b  
are given in Tables 14 and 15 respectively. 

The X-ray structures of compounds l b - 6 b  (Figs. 3 

Table 15 
Selected bond angles (deg) for compounds l b - 6 b  

Bond lb  2b 3b-cis 4b-trans 5b 6b 

N - B - O  99.89(9) 99.3(5) 
98.7(10) 99.1(5) 

C - B - C  113.5(11) 116.5(6) 
114.7(11) 114.1(6) 

B - O - C  5 109.7(9) 110.4(5) 
107.8(9) 111.1(5) 

B - N - C  4 108.0(9) 106.7(5) 
106.8(9) 104.1(5) 

N - C 4 - C  5 102.7(10) 103.2(5) 
102.5(10) 101.2(5) 

O - C 5 - C  4 105.2(11) 103.8(5) 
105.2(10) 103.8(5) 

99.4(19) 100.2(6) 99.1(4) 99.1(8) 

115.4(10) 115.3(7) 113.6(5) 112.6(9) 

109.8(10) 110.4(6) 110.2(4) 114.8(7) 

105.8(9) 103.5(6) 102.8(4) 99.8(7) 

97.5(9) 99.7(6) 103.8(4) 103.6(7) 

105.6(10) 103.6(6) 104.4(4) 104.2(8) 

and 4) show the existence of intramolecular N ~ B 
bonds. Having in mind that compounds 5b and 6b show 
a weak N ~ B bond in NMR spectroscopy and none in 
theoretical calculations, it can be concluded that in the 
crystal-lattice there might exist additional electrostatic 
forces, which are able to stabilize the N ~ B bond. The 
five-membered boronate rings have twisted conforma- 
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Fig. 3. Perspective views of the molecular structures of lb  and 2b. 



184 H, H6pfl et al. / Journal of OrganometalIic Chemistry 544 (1997) 175-188 

C~3 

C24 ~ C~2 

C25 

3b-c/s 

tl3 

4b-trans 

C8 

C9 C7 

CI~ C6 ( 

( '1 I C5 

CI2 

114 

C14 

C17 

CI6 

OI CI5 

~CI3 C2 

5b 

CI9 

C20 
) C25 ~ C24 

C23 

C8 CI7 

C9 CI8 
C'7 CI6 

CI0 CI9 
C6 C15 

C20 C~ I 726 

H4 : ~ C 2  TM3 

(QCI4 

6b 
Fig. 4. Perspect ive  v i e w s  o f  the mo lecu lar  structures o f  3 b - 6 b .  

tions. The C 4 atoms are disoplaced out of the boronate 
plane by 0.496 and - 0 . 3 2 8  A for lb,  0.421 and 0.609 
for 2b, 0.635A for 3b-cis, 0.666,~ for 4b-trans, o o 
- 0.585 A for 5b and - 0.627 A for 6b in order to avoid 
an eclipsed conformation along the highly substituted 
C4-C 5 and C4-N bonds. 

The N ~ B bonds in lb  (1.66(2) and 1.64(2),~), 2b 
(1.657(9) and 1.664(9),~), 3b-cis (1.68(2)A) and 4b- 

o 

trans (1.66(1)A) are significantlYoShorter than those in 
5b (1.744 (8)A) and 6b (1.74 (1) A), in accord with the 
decreasing N ~ B bond stability. The B - O  bond is not 

significantly different in the three compounds. The data 
for l b - 6 b  obtained in this study are in agreement with 
that available in the literature [4-7,26], where it has 
been reported that N ~ B  bond distances in (2- 
aminoethoxy)bor~e compounds are in the range of  
1.638 to 1.759A, depending on the basicity of the 
amine ligands. In those cases, where the basicity of the 
nitrogen atom which coordinates to the'. boron atom is 
not strong, ° the distance is longer, in the range of 
1.74-1.76 A. 

The N - B - O  bond angles lie in the expected range of 

Table  16 
Dihedral  angles  (deg )  at the he terocyc l i c  ring wi th  steric interactions b e t w e e n  the ring substituents for c o m p o u n d s  l b - 6 b  

Dihedral  angle  l b  2b  3b-cis 4b-trans 5 b  61) 

C ( 1 2 ) - C ( 4 ) - C ( 5 ) - C ( 6 )  - 4 4 . 4 7  - 7 8 . 9 3  5 2 . 3 5  6 6 . 0 0  - 47 .71  6 6 . 2 7  

- 37 .58  - 6 7 . 1 3  . . . .  

C ( 1 3 ) - N ( 3 ) - C ( 4 ) - C ( 1 2 )  - -  - -  - 5 1 . 3 6  - 6 9 . 3 6  33 .17  - 72 .9  

C ( 1 4 ) - B ( 2 ) - N ( 3 ) - C ( 1 3 )  - -  - -  2 8 . 6 6  - 2 4 . 2 9  - -  - -  

C( I  5 ) - B ( Z ) - N ( 3 ) - C ( 1 3 )  . . . . .  14 .40  - 25 .67  

C(21 ) - B ( Z ) - N ( 3  ) - C ( 1 4 )  . . . . .  8 .76  - 2 3 . 8 4  

C ( 1 4 ) - N ( 3 ) - C ( 4 ) - C ( 1 2 )  . . . . .  4 6 . 6 3  
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98-100 ° and the Ph-B-Ph angles are in the range of 
112-117 ° (Table 15). The crystal structure of 4b-trans 
shows an OH-O hydrogen bond with an ethanol 
molecule. 

Based on the study of Toyota and Oki, who found 
that the magnitude of the tetrahedral character (THC) of 
the boron atom can be correlated with the strength of 
the N ~ B bond [7], we calculated the tetrahedral char- 
acter for compounds l b -6b  and correlated these values 
with the * AGm-N-R2 values of the N ~ B bond, but no 
correlation was found. This may be due to the presence 
of the two bulky phenyl groups at the boron atom. 

Table 16 summarizes the dihedral angles at the hete- 
rocyclic rings of compounds lb-6b,  showing the steric 
interactions between the substituents. Compounds lb  
and 2b show one steric interaction, 3b and 4b three, 5b 
four, and compound 6b five. On the other hand, a 
comparison of the corresponding AG* values (Table 3) 
shows that compound 6b has a lower value than 2b, 3b 
and 4b (less steric interactions). This is evidence that 
steric effects play an important role in the AG; values. 

3. Conclusions 

The present study has shown that the N ~ B bond 
stability in the (N-B)-diphenyl(2-aminoethoxy)boranes 
lb -6b  decreases significantly when the nitrogen atom 
is substituted by two methyl groups, while substitution 
by one methyl group seems to be of less importance. 
The N ~ B bond is stronger when the substituents 
along the C4-C 5 bond are in a trans configuration 
(pseudoephedrine derivatives ~ ephedrine derivatives). 
Therefore, in order to synthesize (N-B)-(2-  
aminoethoxy)boranes with strong N ~ B bonds, it has 
to be considered that steric effects along the whole 
five-membered heterocyclic ring influence significantly 
the N ~ B bond strength and should be avoided, where 
possible. 

4. Experimental 

The IH-, 13C- and IIB-NMR spectra were recorded 
using Varian EM-390, Jeol FX90 and Jeol GSX-270 
spectrometers. Chemical shifts (parts per million) are 
relative to BF3-Et20 and (CH3)4Si. Coupling constants 
are quoted in hertz. The ~5N NMR spectra were recorded 
at the natural abundance level with a Jeol GXS-270 
spectrometer operating at 27.25 MHz using a multinu- 
clear 5 mm probe and the refocused INEPT pulse se- 
quence to detect the 15N NMR signal. Diphenylborinic 
acid was prepared from the corresponding ethanolamine 
complex as described in the literature [27]. 

4.1. General procedure 

A solution of the aminoalcohol in methanol was 
treated with a 10% excess of diphenylborinic acid and 
the mixture was heated under reflux for 1 h. The solu- 
tion was evaporated to dryness and the crude product 
crystallized. 

4.2. (N-B)-Diphenyl(1-(R)-phenyI-2-(S)-methyl-2- 
aminoethoxy )bo rane ( l b ) 

Norephedrine ( lg ,  6.6mmol) and diphenylborinic 
acid (1.3 g, 7.2mmol). Compound lb  was first crystal- 
lized from acetone-hexane followed by recrystallization 
from ethyl acetate-hexane (0.25g, 12%); m.p. 189- 
191°C; Um~ x (KBr): 2656, 1432, 1151cm-1; ~H 
(270MHz; CDC13): 0.62 (d, J =  6.6Hz, 3H, C4-CH3), 
3.28 (m, 1H, H4), 3.86 (br, 2H, NH), 4.98 (d, J =  
5.3 Hz, 1H, Hs), 7.15-7.57 (m, 15H, aromat.) ppm; 6 c 
(67.8MHz, CDC13): 16.0 (C-CH3), 54.4 (C4), 77.9 
(C5), C-th (126.3 (o), 127.2 (p), 128.2 (m), 140.1 (i)), 
B-th (126.3 (p), 126.6 (p), 127.6 (m), 127.8 (m), 
131.4 (o), 132.0 (o), 148.9 (i, br), 149.7 (i, br)) ppm; 
i~ B (28.69MHz, CDC13): +7.4ppm; m / z :  315 (M +, 
1), 314 (M + -  1, 2), 239 (5), 238 (35), 237 (11), 222 
(5), 208 (14), 182 (5), 165 (7), 134 (24), 117 (10), 105 
(23), 104 (11), 91 (13), 90 (7), 89 (6), 79 (5), 78 (19), 
77 (12), 57 (8), 56 (6), 55 (8), 51 (11), 51) (6), 45 (6), 
44 (100), 43 (10), 42 (8), 41 (7), 39 (6), 29 (6), 27 (5), 
18 (26), 17 (6). 

4.3. (N-B)-DiphenyI(1-(R)-phenyl-2-(R)-methyl-2- 
aminoethoxy)borane (2b ) 

Norpseudoephedrine ( lg ,  6.6mmol) and diphenyl- 
borinic acid (1.3 g, 7.2mmol). Compound 2b was crys- 
tallized from a mixture of methanol and diethyl ether 
(1.5 g, 72%), m.p. 209-214°C; ~n~,x (KBr): 2820, 1598, 
1432, 1155, 1059cm-1; 3H (270MHz, CDC13): 1.12 
(d, J =  6.6Hz, 3H, C4-CH3), 3.00 (m, 1H, H4), 4.12 
(br, 2H, NH), 4.49 (d, J =  9.2Hz, 1H, H:~), 7.19-7.56 
(m, 15H, aromat)ppm; ~c (67.8MHz, CDCI3): 16.3 
(C-CH3), 59.1 (C4), 83.0 (C5), C-~ (127.8 (o), 128.1 
(p), 128.6 (m), 140.8 (i)), B-q5 (126.3 (p), 126.7 (p), 
127.0 (m), 127.6 (m), 131.4 (o), 132.3 (o), 149.4 (br, 
i)) ppm; 6 B (28.69MHz, CDC13): +7.0ppm; m / z :  
315 (M +, 6), 314 (M + -  1, 9), 239 (17), 238 (100), 237 
(34), 236 (5), 222 (10), 221 (5), 208 (10), 19:5 (21), 167 
(6), 165 (12), 163 (9), 160 (9), 137 (5), 135 (86), 134 
(60), 119(5), 118 (12), 117 (33), 115(13), 105 (17), 104 
(16), 103 (6), 91 (27), 90 (13), 89 (12), 78 (7), 77 (19), 
56 (9), 52 (5), 51 (17), 50 (5), 44 (87), 42 (9), 39 (5), 
28 (8), 18 (18). 

4.4. (N-B)-Diphenyl[N-(R,S)-methyl-(1-(Rl-phenyl-2- 
( S)-methyl-2-aminoethoxy) ]borane ( 3b-trans and 3b-cis) 

Ephedrine (1 g, 6.0 mmol) and diphenylborinic acid 
(1.2g, 6.6mmol). Compound 3b-cis was crystallized 
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from ethanol-acetone, (1.4g, 70%); m.p. 242-245°C, 
Um~ x (KBr): 268l, 1432, 1151, 1024 cm-1; 6~ 
(270MHz, CDC13): 0.83 (d, J = 6.6Hz, 3H, C 4 - C H 3 )  , 

2.53 (s, 3H, N-CH3), 3.48 (m, 1H, H a) 3.90 (br, 1H, 
NH), 5.49 (d, 5.9Hz, 1H, Hs), 7.09-7.65 (m) ppm; 
~c(67.8 MHz, CDC|3): 13.4 (C4-CH3) , 34.4 (N-CH3), 
61.7(C4), 78.4(C5), C-q5 (126.4 (p), 126.7 (o), 127.4 
(m), 141.0 (i)), B-4~ (127.6 (p), 128.3 (m), 131.9 (o), 
133.0 (o), 148.0 (br, i)) ppm; ~B (28.69MHz, CDC13): 
+5.0ppm; m/z :  329 (M +, 5), 328 (M + -  1, 9) 253 
(17), 252 (100), 251 (30), 236 (10), 182 (8), 176 (10), 
174 (5), 165 (6), 149 (7), 148 (51), 133(8), 132 (18), 
131 (6), 118 (9), 117 (16), 115 (16), 105 (18), 104 (23), 
103 (8), 91 (19), 90 (7), 89 (7), 79 (5), 78 (38), 77 (20), 
76 (5), 59 (5), 58 (80), 56 (11), 53 (6), 52 (10), 51 (18), 
50 (10), 44 (8), 43 (8), 42 (8), 39 (8), 30 (12), 29 (5), 
27 (5). 

4.5. (N-B)-Diphenyl[N-(S)-methyl-(1-(R)-phenyl-2-(R)- 
methyl-2-aminoethoxy)]borane (4b-trans) 

Pseudoephedrine (1 g, 6.0 mmol) and diphenylborinic 
acid (1.29 g, 6.6 mmol). Compound 4b was crystallized 
from acetone-ethanol (1.77g, 88%); m.p. 168-170°C, 
Vrn,× (KBr): 2715, 1161, 1090cm-~; ~H (270MHz, 
CDC13): 1.05 (d, J---6.6Hz, 3H, C4-CH3), 2.28 (d, 
J =  5.9Hz, 3H, N-CH3), 2.65 (m, 1H, H4), 3.66 (br, 
IH, NH), 4.44 (d, J - -  9.2Hz, 1H, Hs), 7.15-7.66 (m, 
15H, aromat.) ppm; 8 c (67.8MHz, CDC13): 13.7 (C- 

CH3), 36.8 (N-CH2), 68.0 (C4)  , 81.7 (C5), C-~b (128.1 
(p), 126.9 (o), 127.6 (m), 140.8 (i)), B-,b (126.4 (p), 
127.7 (m), 128.0 (p), 128.5 (m), 131.2 (o), 133.7 (o)) 
ppm; ~B (28.69MHz, CDC13): +8.0pprn; m/z :  329 
(M +, 6), 330 (M++ 1, 7), 328 (M + -  1, 6), 253 (18), 
252 (100), 251 (33), 236 (9), 195 (8), 165 (6), 163 
(5),149 (9), 148 (69), 133 (12), 132 (7), 118 (19), 117 
(27), 115 (10), 105 (6), 91 (34), 90 (l l) ,  89 (11), 
77(19), 58 (57), 56 (19), 51 (20), 50 (5), 45 (12), 43 
(88), 42 (15), 39 (6), 31 (29), 30 (21), 29 (13), 27 (11), 
15(5). 

4.6. (N-B)-Diphenyl[N,N-dimethyl-( l-(R)-phenyl-2- 
( S )-methyl-2-aminoethoxy) ]borane ( Sb ) 

N-Methylephedrine (lg,  5.5mmol) and diphenyl- 
borinic acid (1.1 g, 5.7 mmol). Compound 5b was crys- 
tallized from a mixture of chloroform-hexane (1.2g, 
63%); m.p. 205-208°C, urea x (KBr): 2600, 1431, 1166, 
1025 cm-~; 6~ (270MHz, CDCI3): 0.78 (d, J = 7.3 Hz. 
3H, C4-CH3), 2.38 (s, 3H, N-CH3), 3.40 (m, 1H, H4). 
5.64 (d, J=7 .9Hz ,  1H, Hs)), 7.15-7.53 (m, 15H. 
arom.) ppm; 6 c (67.8MHz, CDCI3): 96 (C-CH3), 
44.0 (N-Me), 65.2 (C4), 76.7 (C5), C-~b (127.2 (m), 
128.3 (p), 127.1 (o), 141.6 (i)), B-~b (127.4 (m), 128.0 
(m), 126.6 (p), 126.0 (p), 131.9 (o), 133.2 (o), 147.6 
(i)) ppm; ~u (28.69MHz, CDC13): +5.Sppm; m/z :  
343 (M +, 4), 342 (M ÷ -  1, 9), 267 (20), 266 (100), 265 
(25), 167 (7), 165 (15), 164 (5), 163 (11), 1162 (16), 105 

Table 17 
Crystal data of compounds l b - 6 b  

Compound l b  a,b 2b a,b 3b-cis a,b 4b-trans a,c 5b ax 6b ~.c 

Formula C21H22BNO C21H22BNO C22H24BNO C22H27BNO2 C23H26 BNO C23H26 BNO 
Fw 315.2 315.2 329.3 329.3 ETOH 343.3 343.3 
System monoclinic orthorhombic orthorhombic monoclinic orthorhombic monoclinic 
Space group P21 P2t2121 P212t21 P2~ P2~2121 P2 I 

a (A) 9.572( 1 ) 9.422( 1 ) 11.423(7) 7.402( l ) I 1.386(3) 9.091 (4) 

b (A) 17.808(3) 18.562(4) 12.514(2) 16.082(1) 12.910(3) 15.823(2) 

c (A) 10.981(1) 20.639(8) 12.660(12) 9.333(1) 13.112(1) 6.936(4) 
/3 (deg) 99.49(1) 90 90 101.51(1) 90 101.84(6) 

V (,~3) 1846(2) 3609(8) 1810(1 ) 1088(2) 1927(2) 976(2) 
Z 4 8 4 2 4 2 
d~alc (gcm --3) 1.13 1.15 1.21 1.14 1.18 1.17 
Scan width (deg) 0.8 + 0.35tan O 0.8 + 0.35 tan 0 1.89 + 0.94tan 0 0.8 + 0.35 tan 0 0.8 + 0.35tan 0 1.1 + 0.35tan 0 
Scan speed (deg min 1) 1.5 < sp. < 20.1 1.1 < sp. < 20.1 1.8 < sp. < 20.1 1.8 < sp. < 20.1 1.8 < sp. < 20.1 3.0 < sp. < 12.0 
No. of reflections collected 3508 3556 1833 2116 1960 1953 
No. of unique reflections 3302 3556 1814 1983 1937 175'7 
Merging R 0.01 - -  - -  0.02 - -  0.04 
No. of reflections 1479 1802 585 1116 1104 903 
with I >  3o-1 
Absorption coefficient 0 . 7 1 < c . < 1 , 1 7  - -  0 . 8 5 < c . < 1 . 1 5  0 . 8 0 < c . < 1 . 0 7  0 . 8 9 < c . < 1 . 3 1  0 . 7 8 < c . < 1 . 3 4  
correction 
R 0.081 0.043 0.063 0.072 0.045 0.077 
R~. 0.075 0.039 0.062 0.065 0.043 0.075 
No.of variables 193 434 101 115 237 236 

a M o K a ,  scan type 09/20, 20 range: 4 < 2 0 <  50°; unit weight scheme. 
b ENRAF NONIUS CAD4F. 
c PW 1100. 
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(10), 104 (8), 78 (16), 77 (14), 73 (6), 72 (70), 71 (5), 
57(8), 56 (7), 55 (8), 53 (5), 52 (6), 51 (15), 50 (8), 44 
(18), 43 (16), 42 (1 1), 41 (13), 39 (9), 29 (14), 28 (14), 
27 (14), 26 (5), 17 (13), 16 (7), 15 (9). 

4.7. (N-B)-Diphenyl[N,N-dimethyl-(1-(R)-phenyl-2- 
( R)-methyl-2-aminoethoxy ) ]borane ( 6b ) 

N-Methylpseudoephedrine (1 g, 5.5 mmol)  and 
diphenylborinic acid (1.1 g, 6.0mmol).  Compound 6b 
was crystallized from a mixture of chloroform-hexane,  
m.p. 226-230°C,  ~'ma~ (KBr): 2537, 1431, 1142, 
1069cm-1;  ~H (270MHz,  CDC13): 0.95 (d, J --- 6.6Hz,  
3H, C4-CH3) ,  2.40 (s, 3H, N-CH3) ,  3.20 (m, 1H, H4), 
4.81 (d, J = 9 . 9 H z ,  1H, Hs), 7 .16-7.86 (m, 15 H, 
arom.) ppm; 6c (67.8MHz,  CDC13): 8.9 (C-CH3) ,  
44.4 (N-CH3) ,  69.4 (C4), 80.5 (C5), C-~b 126.3 (p ) ,  
127.5 (o),  128.5 (m), 141.2 (i)), B-O (127.2 (m), 128.0 
(p ) ,  133.4 (o), 147.6 ( i ) ) p p m ;  6 B (28.69MHz, 
CDC13): + 9 . 6 p p m ;  m / z :  342 (M, 3), 343 ( M + +  1, 
1), 341 (M + -  1, 1), 267(9), 266 (45), 265 (11), 163 (5), 
162 (18), 147 (5), 117 (6), 91 (9), 77 (7), 73 (5), 72 
(100), 56 (5), 51 (7), 44 (8), 42 (6). 

IFcl)2/Ew(Fo)2] 1/2 having values listed in Table 17. 
Criteria for a satisfactory complete analysis were the 
ratios of r.m.s, shift to standard deviation being less 
than 0.1 and no significant features in the final differ- 
ence map. In the case of l b  with two molecules in the 
asymmetric unit the correlation coefficients were ana- 
lyzed in order to exclude the higher symmetric space 
group P21/m.  

Lists of  the atomic parameters, bond lengths, bond 
angles and thermal parameters have been deposited at 
the Cambridge Crystallographic Data Cent~'e. 
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4.8. X-ray analysis of compounds lb -6b  

Selected crystals of  l b - 6 b  were set up on an auto- 
matic diffractometer. Compound 4b-trans was sealed in 
a Lindemann tube. Intensity data for the six crystals 
were measured at room temperature, Unit cell dimen- 
sions with estimated standard deviations were obtained 
from least squares refinements of the setting angles of  
24 well-centered reflections. Two standard reflections 
were monitored periodically; they showed no significant 
change during data collection. Crystallographic data and 
other pertinent information are summarized in Table 17. 
Corrections were made for Lorentz and polarization 
effects. Empirical absorption corrections (O~FABS [28]) 
were applied. 

Computations were performed by using CRYSTALS 
[29] adapted on a MicroVax II. Atomic form factors for 
neutral C, B, O, N and H were taken from Ref. [30]. 
Anomalous dispersion was taken into account. The 
structures were solved by direct methods and subse- 
quent Fourier maps. 

With the exceptions of l b  and 2b, all hydrogen 
atoms were found on Fourier difference maps, the oth- 
ers were located theoretically and their positions were 
not refined. Non-hydrogen atoms were isotropically and, 
where possible anisotropically, refined, and one isotropic 
overall thermal parameter for the hydrogen atoms was 
refined. Least squares refinements were carried out by 
minimizing the function Ew(] Fo] - I F~ 1) 2, where Fo and 
F~ are the observed and calculated structure factors. 
Unit weight was used. Models reached convergence 
with R = E(IIF,,I- IF~II)/EIFol and R w = [Ew(IFol- 
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