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Extended Data Figure 6 | Scaling of the raw images. Standard deviations the relationship Y = X. a, Plot of the images collected during the first half of
of the average pixel values calculated in the group belonging to the same crystal  the beam time (including the first half of the images for data set 1). b, Plot of the
before and after scaling are plotted. X and Y axes indicate standard deviations

images collected during the last half of the beam time (including the rest of
obtained before and after scaling, respectively. Red line in the plot represents  the images for data set 1 and all of the images for data set 2).
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Extended Data Table 1 | Data collection and refinement statistics with the XFEL beam (data set 1 and data set 2) in compatrison with the SR

data

XFEL (data set 1) XFEL (data set 2) SR
Experimental conditions
Wavelength / A 1.24357 1.24357 0.90000
Osillation width / deg. 0 0 ‘0.2
Step width / deg. 0.2 0.2
Total dose / Gy 1.4E+06 1.4E+06 74E+05
Photon density per pm2 2.6E+09 2.6E+09 2.8E+09
No. of screened crystals 254 82 1
No. of total collected images 5,592 2,058 900
No. of processed images 1,643 1,167 900
io-of Images used for 658 680 900
Data collection statistics
Space group P2,2424 P2:2:24 P2,2,2,
Unit cell / A a=123.8, b=230.0, c=288.3 a=123.8, b=230.0, c=288.5 a=122.2, b=228.5, c=286.4

Resolution / A
No. of reflections
Completeness / %
Redundancy
Rsym/Rmrg?
R pim *
cc1/28
o (1)
Refinement statistics
R factor
R free
Average B (overall) / A
Average B (OEC) / A?
RMSD bond length / A
RMSD bond angle / deg.
Ramachandran plot I
Favored / %
Allowed / %
Outliers / %

2.7 - 1.95 (2.06 - 1.95)*
585,462 (83,527)*

98.7 (97.0)*

4.9 (4.6)*

0.330 (1.184)*

0.172 (0.634)*

0.919 (0.166)*

3.5 (0.9)*

0.198
0.238
34.3
222
0.009
1.44

97.7
2.1
0.2

62.3 - 1.95 (2.06 - 1.95)*
586,125 (82,791)*

98.4 (95.9)*

5147y

0.294 (1.579)*

0.192 (1.070)*

0.929 (0.362)

3.1 (0.6)*

0.188
0.225
35.9
25.0
0.009
1.44

97.9
2.0
0.1

50 -1.90 (1.97 - 1.90)
622,012

99.6 (99.7)*

7.4 (B.7)

0.060 (0.773)*

216 (2.6)

0.174
0.201
35.2
25.6
0.010
3.05

98.4
1.5
0.1

*Values in parentheses indicate those for the highest resolution shells.
T Rsym Was calculated w'ith scala in CCP4% for data set 1 and data set 2, R was calculated with scalepack in HKL2000 for the SR datal.

£ Ry = Lot L/(N =D 5, 1 (ht) (ke

/s, 5 ok

§CC1/2 is the correlation coefficient between two random half data sets.

ACalculated with MolProbility.

©2015 Macmillan Publishers Limited. All rights reserved
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Extended Data Table 2 | B-factor values of the individual atoms in the OEC of the XFEL structures

data set 1 data set 2 XFEL SR
A B A B Average std A B Average
Mn1D 20.2 247 214 274 23.4 3.3 22.6 26.0 243
Mn2C 221 229 232 25.3 23.4 14 22.9 28.7 24.8
Mn3B 19.6 215 22.1 25.0 22,0 2.2 235 25.5 24.5
Mnd4A 21.5 22.8 242 25.2 23.4 1.6 26.3 28.7 27.5
Ca 28.3 34.0 325 374 33.0 3.8 24.6 27.5 26.0
o1 21.0 20.3 28.1 24.0 23.3 3.6 22.5 25.1 23.8
02 242 19.6 236 229 22,6 24 252 27.3 26.3
03 246 24.0 21.0 35.8 26.3 6.5 233 27.1 25.2
04 20.0 18.9 23.8 20.3 20.7 2.1 26.6 27.7 27.2
05 15.1 18.8 16.7 20.2 17.7 2.3 24.1 28.1 26.1
overall (OEC) 216 22.7 23.7 26.4 23.6 2.0 242 27.0 25.6

The individual absolute B-factor values of Mn, Ca and O atoms in the Mn,CaOs cluster of both Aand B monomersin the two XFEL structures (data set 1 and data set 2) are shown, together with the average B-factors
calculated from four PSHt monomers. For comparison, the B-factors in the SR structure are also shown.

©2015 Macmillan Publishers Limited. All rights reserved
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Extended Data Table 3 | Mn-Mn, Mn-Ca, Mn-O, Mn-water, Ca-O, Ca-water, O5-water and ligand distances of the OEC in each PSIl monomer
of the two XFEL structures

data set 1 data set 2 XFEL SR
A B A B Average std Average

Mn1D-Mn2C 267 261 2.74 2.68 2.68 0.05 2.8
Mn1D-Mn3B 3.24 3.18 3.27 3.10 3.20 0.08 3.3
Mn1D-Mn4A 4.95 4.97 4.97 4.89 4.95 0.04 5.0
Mn2C-Mn3B 2.70 2.67 2.73 2.71 2.70 0.03 2.9
Mn2C-Mn4A 5.17 5.18 5.21 5.27 5.21 0.04 5.4
Mn3B-Mn4A 2.86 2.83 2.88 2.91 2.87 0.03 3.0
Mn1D-Ca 3.51 3.45 3.49 3.43 3.47 0.04 35
Mn2C-Ca 3.35 3.29 3.33 3.32 3.32 0.03 34
Mn3B-Ca 3.47 3.39 3.41 3.33 3.40 0.06 3.4
Mn4A-Ca 3.76 3.86 3.71 3.76 3.77 0.06 3.8
Mn1D-O1 1.85 1.80 1.81 1.73 1.80 0.05 1.9
Mn1D-03 1.94 1.93 1.80 1.80 1.87 0.08 1.8
Mn1D-05 2.70 2.72 2.70 2.69 2.70 0.01 2.6
Mn2C-O1 1.83 172 1.88 1.83 1.82 0.07 2.1
Mn2C-02 1.90 1.74 1.83 1.83 1.83 0.07 2.1
Mn2C-03 1.95 2.06 2.01 2.07 2.02 0.06 2.1
Mn3B-02 1.78 1.81 2.00 2.00 1.90 0.12 1.9
Mn3B-03 2.08 1.99 2.14 2.02 2.06 0.07 2.1
Mn3B-04 1.91 1.92 1.89 1.88 1.90 0.02 2.1
Mn3B-05 2.17 2.01 2.32 2.30 2.20 0.14 2.4
Mn4A-O4 ' 1.94 2.04 2.05 2.03 2.02 0.05 2.1
Mn4A-O5 2.32 2.30 2.38 2.33 2.33 0.03 2.5
Mn4A-W1 2.34 2.15 2.26 2.24 2.25 0.08 2.2
Mn4A-W2 2.15 1.97 2.14 2.14 2.10 0.09 2.2
Ca-01 2.57 261 2.64 2.61 2.61 0.03 2.4
Ca-02 267 258 2.73 2.69 2.67 0.06 2.5
Ca-05 2.59 2.60 2.43 2.52 2.54 0.08 2.7
Ca-W3 2.61 2.60 2.59 2.59 2.60 0.01 2.4
Ca-W4 2.51 2.49 2.44 2.42 2.47 0.04 2.5
05-W2 3.07 2.91 3.08 2.95 3.00 0.09 3.1
05-W3 3.21 3.25 2.98 3.05 3.12 0.13 3.1
W2-W3 3,38 317 3.23 3.27 3.26 0.09 3.3
Mn1D-OE2 (Glu189) 1.78 1.76 1.81 1.81 1.79 0.02 1.9
Mn1D-NE2 (His332) 2.08 2.1 2.13 2.16 212 0.03 2.2
Mn1D-0D2 (Asp342) 2.16 218 2.26 2.25 2.22 0.05 2.3
Mn2C-OD1 (Asp342) 2.14 2.07 2.16 2.15 213 0.04 22
Mn2C-OXT (Ala344) 1.92 1.85 1.97 1.86 1.90 0.06 2.0
Mn2C-OE1 (Glu354*) 2.12 2.19 2.10 2.09 2.3 0.05 2.2
Mn3B-OE1 (Glu333) 2.03 2.08 2.04 2.08 2.06 0.03 2.1
Mn3B-OE2 (Glu354*) 2.12 2,12 2.16 2.12 2.13 0.02 2.2
Mn4A-OD2 (Asp170) 2.05 2.08 2.00 2.00 2.03 0.04 2.1
Mn4A-OE2 (Glu333) 2.07 2.10 2.06 2.10 2.08 0.02 2.2
Ca-0D1 (Asp170) 2.28 2.46 2.34 2.34 2.36 0.08 2.4
Ca-0 (Ala344) 241 2.43 2.43 2.43 2.43 0.01 2.5

Aand B represent distances in two monomers of two independent dimer structures (data set 1 and data set 2) obtained by XFEL crystallography, and the average distances and standard deviations are calculated
from the four monomers. For comparison, the average distances from the SR structure are also shown.
*Residue from CP43.

©2015 Macmillan Publishers Limited. All rights reserved
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Extended Data Table 4 | Assignment of valences of individual manganese atoms in the OEC in the S; state based on average ligand distance
and distribution of Jahn-Teller axes

Axis pair of the ligands di:t\;i?eg?ﬁ«) tt?:\g\?zr:;:z;: ) Assigned valance

Mn1D

O1/NE2 (His332) 1.96 -5.9

O3/0E2 (Glu189) 1.83 -12.2

05/0D2* (Asp342) 2.46 18.1

Average 2.08 Hi
Mn2C

O1/0E1 (Glu354*) 1.97 0.0

02/0D1 (Asp342) 1.98 0.4

O3/OXT (Ala344) 1.96 -04

Average 1.97 v
Mn3B

O2/0E1 (Glu333) 1.98 -3.1

03/04 1.98 -3.0

05/0E2" (Glu3s54%) 2.47 6.1

Average 2.04 v
MndA

04/w2 2.06 -3.6

os5w1t 2.29 7.3

0OD2 (Asp170)/OE2 (Glu333) 2.06 -3.6

Average 2.14 N i}

Shown are the average distances for the pair of ligands in the same axis line in the six-coordination geometry (Extended Data Figs 4, 5), together with their deviations from the average distance. The valence of each
Mn atom was assigned based on the average ligand distance and the existence of the possible Jahn~Teller axis.

* Plausible Jahn-Teller axis

1 Possible Jahn-Teller axis

{ Residue from CP43.

©2015 Macmillan Publishers Limited. All rights reserved
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A mild self-propagated Lossen rearrangement induced by a catalytic amount of activating agents in med-
ium to high polar organic solvents has been developed. The rearrangement of aromatic and aliphatic
hydroxamic acids in the presence of a catalytic amount (0.01 equiv) of acetic anhydride and an equimolar
amount of base such as well-dried potassium carbonate afforded the corresponding amines in high yields.
This alternative to traditional Lossen rearrangement provides a simple and mild method for the synthesis
of amines from free hydroxamic acids.

© 2014 Elsevier Ltd. All rights reserved.

The Lossen rearrangement, the conversion of hydroxamates to
the corresponding isocyanates, is a useful reaction for the synthesis
of amine derivatives.? While the related carbon to nitrogen
migration procedures such as the Curtius and Hofmann rearrange-
ments have been frequently applied in synthetic organic chemis-
try, the Lossen rearrangement has, however, received only little
attention as a general synthetic method of amines mainly due to
the need of preliminary stoichiometric O-activation of hydroxamic
acids.? In addition, undesirable products such as pseudo dimers or
symmetrical ureas have been reported in some cases. Therefore,
the development of highly selective synthesis of amines via Lossen
rearrangement with in situ O-activation by a catalytic amount of
activating agents under mild reaction conditions is warranted.

Recently, we have reported a base-mediated rearrangement of
free aromatic hydroxamic acids, which highly selectively converts
them to anilines in high yields under 90 °C in the presence of a cat-
alytic or equimolar amount of bases.” This migration protocol rep-
resents several features as follows: a simple procedure, only
exclusion of carbon dioxide as a by-product, and permission of
the utilization of a catalytic amount of base. We supposed that
the in situ generation of a small amount of isocyanates, derived
from self-condensation and migration, induces the O-activation
of hydroxamic acids under the basic conditions, followed by the
C-to-N migration to give anilines along with carbon dioxide
(Scheme 1a and c). Based on this assumption, the initial step seems

* Corresponding authors. Tel./fax: +81 45 339 4434.
E-mail address: yhoshino@ynu.ac,jp (Y. Hoshino).

http://dx.doi.org/10.1016/j.tetlet.2014.12.084
0040-4039/© 2014 Elsevier Ltd. All rights reserved.

to be the rate-limiting step and to limit the scope of the reaction,
that is, the need to heat the reaction around 90 °C and to use high
polar solvents such as DMSO and DMF. Therefore, we envisaged
that the generation of a catalytic amount of isocyanates would
be accelerated by addition of a catalytic amount of activating
agents (Scheme 1c), allowing the reaction to be efficiently con-
ducted at lower reaction temperature in medium polar solvents.
Herein, we report the development of a mild self-propagation-type
Lossen rearrangement induced by a catalytic amount of activating
agents in medium to high polar organic solvents.

To find the optimal reaction conditions, we began to investigate
the rearrangement of 2,6-dimethoxybenzohydroxamic acid as a
model substrate. As shown in Table 1, hydroxamic acid 1a readily
underwent rearrangement to amine 2a on treatment with K;CO3
(1 equiv) at 90 °C for only 5 min, while lowering the temperature
to 50 °C resulted in significantly longer reaction time to obtain a
satisfactory yield (entries 1-3). As expected above, adding a cata-
lytic amount (0.01 equiv) of pheny! isocyanate to the reaction mix-
ture moderately facilitated the rearrangement (entry 4). A twofold
larger concentration also renders the shortening of the reaction
time (entry 5). It is noteworthy that the utilization of well-dried
K,COs3, dried under vacuum with a heating gun, distinctly shortens
the time of the rearrangement (entry 6). The result seems to imply
the retardation of the rearrangement by H,0 existing as impurity
of K;CO; probably due to the trap of isocyanate intermediate.
Indeed, addition of 0.1 equiv of H,O in the reaction lowered the
yield of aniline 2a (entry 7). Interestingly, the reaction can be
carried out even at 25 °C within a reasonable reaction time using



Y. Hoshino et al./ Tetrahedron Letters 56 (2015) 710-712 711

a self-propagated Lossen rearrangement

o KoCO3
L _oH
N

H DMSO, 90 °C

> RNH,

R

(a) generation of isocyanate (rate-limiting step)

o
base base
L /U\N’O R R-N=C=0
R” “NHOH B
1 NH,OH A ° R-COOH B

rate-limiting step

(b) isocyanate cycle (self-propagating cycle)

1 R-N=C=0
B

(c) generation of isocyanate using a catalytic amount of activating agents (X)

X o
% base . base
RJ\NHOH Abase R)Lﬁ,ox 5 Rewomo
1 A X'OH B

Scheme 1. Plausible reaction mechanism for self-propagated Lossen rearrangement.

well-dried K,CO5 (entry 8). K3POy4 is also a useful base for this
reaction (25 °C, 2 h, 86% yield).

We then turned our attention to examine the scope of solvents,
especially moderate to low polar solvents (Table 2). Fortunately,
the rearrangement smoothly proceeded in acetonitrile, dichloro-
ethane, and acetone at 50 °C to give aniline 2a in good to high
yields (entries 1-5). It should be noted that the relatively low polar
solvent 1,2-dichloroethane also gave the desired aniline in good
yields. From a practical viewpoint, it is advantageous to conduct
the reaction in moderate to low polar solvents because of the
water-immiscibility and the low boiling point, enabling simple
extraction and evaporation processes. The low solubility of 1a in

Table 1
Base-mediated rearrangement of hydroxamic acid 1a using a catalytic amount of
phenyl isocyanate®

OMe O OMe

KoCO3 (1 equiv) NH
NHOH  PhNCO (0.01 equiv) C[ 2
—
OMe DMSO OMe
1a 2a
Entry PhNCO (equiv) Conditions Yield (%)
1 - 90 °C, 5 min 98
2 - 70°C, 1h 96
3 - 50°C, 27 h 90
4 0.01 50°C,10h 96
58 0.01 50°C,5h 88
6> 0.01 50 °C, 10 min 92
70¢ 0.01 50 °C, 10 min, H,0 (0.1 equiv) 66
gbe 0.01 25°C,2h 90

2 Reaction conditions: hydroxamic acid (1.2 mmol), K;CO3 (1.2 mmotl), PhNCO
(12 pmol), DMSO (1 mL).

> The reaction was performed in DMSO (0.5 mL) under otherwise identical
conditions.

¢ The reaction was performed with anhydrous K,COs that is dried under vacuum
with a heating gun.

Table 2
The rearrangement of hydroxamic acid 1a with a catalytic amount of activating
agents

K2COj3 (1 equiv)
Additive (0.01 equiv)
1a — 2a
Solvent, 50°C, 10 min

Entry Additive Solvent Yield (%)
1 PhNCO DMSO 92
2 PhNCO DMF 93
3 PhNCO MeCN 85
4 PhNCO DCE 86
5 PhNCO acetone 70
6 PhNCO THF 14
7 PhNCO Diethylene glycol ND
8 DCC DMSO 15
9 TsCl DMSO 11
10° TsCl DMSO 81
11 MsCl DMSO 76
12 AcCl DMSO 88
13 A0 DMSO 93
14 (CF3C0),0 DMSO 58

# The reaction was performed for 2 h.

THF may result in the low yield of 2a (entry 6). In diethylene glycol
no aniline was obtained probably due to the trap of isocyanate
intermediate by the hydroxyl group of diethylene glycol.

Finally several activating agents were evaluated (Table 2,
entries 8-13). Using N,N'-dicyclohexylcarbodiimide (DCC), a kind
of cumulenes such as isocyanates, gave the corresponding aniline
in a low yield (entry 8). When aryl and alkyl sulfonyl chlorides,
which are well known as O-activating agents of hydroxamic acids,®
were employed, mesyl chloride gave better yields than tosyl chlo-
ride (entries 9 and 11). For tosyl chloride, the good yield was
achieved if the reaction was carried out for 2 h (entry 10). After fur-
ther trials, it was found that acetic anhydride gave the best resuit
for the rearrangement (entry 13). Interestingly, the reactive triflu-
oroacetic anhydride gave the poor result (entry 14).

With the optimized conditions in hand, the scope of substrates
was examined. As shown in Table 3, a variety of o-substituted aro-
matic hydroxamic acids gave the desired anilines in high yields
(entries 1-6).” On the other hand, those attached electron-donat-
ing groups at m-~ or p-positions, which are usually good substrates
for classical Lossen rearrangement,® resulted in poor yields (entries
7 and 8). The reason for these unexpected results is exactly
unknown at the present time, but these observations are consistent
with the ortho effect of the Lossen rearrangement, in which the
presence of o-substituent, even the electron-withdrawing group,
accelerates the rates of migration.® Aliphatic hydroxamic acids
were found to require longer reaction times to obtain the desired
primary amine derivatives in moderate to good yields (entries 9-
17). Increasing the catalytic amount of Ac;O (0.02 equiv) slightly
improves the yields (entries 13 and 14) and the use of acetonitrile
as solvent facilitates the separation and purification of the prod-
ucts. It is noteworthy that no symmetrical aliphatic urea by-prod-
ucts are detected under these reaction conditions.

In conclusion, we have demonstrated a mild self-propagation-
type Lossen rearrangement of aromatic and aliphatic hydroxamic
acids, which is induced by a catalytic amount of activating agents
such as acetic anhydride and pheny! isocyanate in medium to high
polar organic solvents, that is, 1,2-dichloroethane, acetonitrile, and
DMSO. It was found that the lowering of the content of water dra-
matically accelerates the reaction rate. We anticipate that this
alternative to traditional Lossen rearrangement will provide a sim-
ple and mild method for the synthesis of amines from various free
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Table 3
The rearrangement of various hydroxamic acids in the presence of a catalytic amount
(0.01 equiv) of Ac,0

0 KoCOj3 (1 equiv)

/U\ _OH Ac,0 (0.01 equiv)
R™ON _— R~NH,
H Solvent, 50°C, Time
1b-q 2b-q
Entry Amine 2 Solvent, time (h) Yield (%)
NH,
1 @ DMSO, 2 99
Cl
NH,
2 @ DMSO, 2 99
Br
NH,
3 @ DMSO, 2 94
1
NH,
4 @[ DMSO, 2 68
NO,
NH,
5 @[ DMSO, 2 71
Me
NH;
6° (;[om DMSO, 2 89
OMe
MeO NH,
7 DMSO, 2 3
OMe
NH,
8 /©/ DMSO, 2 5
MeO
9 pr - NHBoc DMSO, 2 46
NHCbz
104 CH4CN, 24 78
NHCbz
114 O/ CHsCN, 24 52
NHCbz
1254 \'O DMSO, 24 33
NHCbz
13¢ P DMSO, 6 37
Ph” “Ph
1454 2n CHsCN, 6 46
NH,
15 DMSO, 2 67
164 Ph>—NHCbz DMSO0, 24 70
1754 Ph3C—NHCbz CH5CN, 24 28

# A small amount of urea (2% yield) was isolated.

5 The protection of amino group with (Boc),0 was carried out in order to easily
isolate the amine product.

¢ The protection of amino group with Cbz-Cl was carried out in order to easily
isolate the amine product.

4 Ac,0 (0.02 equiv) was used.

hydroxamic acids, which can be easily prepared from carboxylic
acid derivatives.
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