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I. Materials and Methods

Unless otherwise noted, all chemicals and reagents were obtained from commercial
suppliers (Sigma-Aldrich, VWR, Alfa Aesar, Acros, etc.) and used without further
purification. Bovine serum albumin (BSA) was purchased from Sigma-Aldrich. Silica gel
chromatography was carried out using AMD Silica Gel 60, 230-400 mesh. *H and *C
NMR spectra were recorded on a Bruker Prodigy 400 MHz instrument (400 MHz for *H
and 100 MHz for *C NMR) or a Varian 400 MHz Spectrometer (400 MHz for *H NMR),
or a Varian 500 MHz Spectrometer (500 MHz for 'H and 126 MHz for 3C NMR).
Chemical shifts (0) are reported in ppm downfield from tetramethylsilane, using the solvent
resonance as the internal standard (*H NMR: § = 7.26, 1*C NMR: & = 77.36 for CDCls).
F NMR and B NMR data were collected on a VARIAN 300 MHz spectrometer (101
MHz for F NMR), a Bruker Prodigy 400 MHz instrument (128 MHz for !B NMR), or a
Varian 400 MHz Spectrometer (376 MHz for °F NMR). Sonication was performed using a
Qsonica Q500 sonicator. High-resolution mass spectra were obtained at the California
Institute of Technology Mass Spectral Facility. Gas chromatography-mass spectrometry
(GC-MS) analyses were carried out using Shimadzu GCMS-QP2010SE system and J&W
HP-5ms column. Analytical chiral supercritical fluid chromatography (SFC) was performed
with a JACSO 2000 series instrument using i-PrOH and supercritical CO> as the mobile
phase. Chiral normal-phase HPLC analyses were performed using an Agilent 1200 series
instrument with i-PrOH and hexanes as the mobile phase. Chiral GC was performed on an
Agilent 6850 GC with FID detector using a Chirasil-DEX CB column (30.0 m x 0.25 mm)
at 1.0 mL/min He carrier gas flow.

Plasmid pET22b(+) was used as a cloning vector, and cloning was performed using Gibson
assembly [1]. The cytochrome ¢ maturation plasmid pEC86 [2] was used as part of a two-
plasmid system to express prokaryotic cytochrome c proteins. Cells were grown using
Luria-Bertani medium or HyperBroth (AthenakES) with 100 pg/mL ampicillin and 20
ug/mL chloramphenicol (LBamprchior OF HB,mp/chior)- Cells without the pEC86 plasmid were
grown with 100 pug/mL ampicillin (LBamp or HB,,,). Primer sequences are available upon
request. TS5 exonuclease, Phusion polymerase, and Taq ligase were purchased from New
England Biolabs (NEB, Ipswich, MA). M9-N minimal medium (abbreviated as M9-N
buffer; pH 7.4) was used as a buffering system for whole cells, lysates, and purified
proteins, unless otherwise specified. M9-N buffer was used without a carbon source; it
contains 47.7 mM NaxHPO4, 22.0 mM KH2PQO4, 8.6 mM NaCl, 2.0 mM MgSQOg, and 0.1
mM CaClo.



I1. General Procedures

2.1 Plasmid construction. All variants described in this paper were cloned and expressed
using the pET22b(+) vector (Novagen). The gene encoding Rma cyt ¢ (UNIPROT ID
B3FQS5) was obtained as a single gBlock (IDT), codon-optimized for E. coli, and cloned
using Gibson assembly [1] into pET22b(+) (Novagen) between restriction sites Ndel and
Xhol in frame with an N-terminal pelB leader sequence (to ensure periplasmic localization
and proper maturation; MKYLLPTAAAGLLLLAAQPAMA) and a C-terminal 6xHis-tag.
This plasmid was co-transformed with the cytochrome ¢ maturation plasmid pEC86 into E.
cloni® EXPRESS BL21(DE3) cells (Lucigen).

2.2 Cytochrome c (cyt c) expression and the preparation of suspensions of E. coli cells
expressing cyt c. 100 mL HBamprehior in @ 500 mL flask was inoculated with an overnight
culture (2 mL, LBamprenior) Of recombinant E. cloni® EXPRESS BL21(DE3) cells containing
a pET22b(+) plasmid encoding the cytochrome c variant, and the pEC86 plasmid. The
culture was shaken at 37 °C and 230 rpm (no humidity control) until the ODegoo was 0.7
(approximately 3 hours). The culture was placed on ice for 30 minutes, and isopropyl -D-
1-thiogalactopyranoside (IPTG) and 5-aminolevulinic acid (ALA) were added to final
concentrations of 20 uM and 200 uM, respectively. The incubator temperature was reduced
to 21 °C, and the culture was allowed to shake for 20 hours at 160 rpm. Cells were
harvested by centrifugation (4 °C, 15 min, 4,000xg), and the cell pellet was resuspended in
MO9-N buffer (ODeoo = 20). The concentrations of cytochrome ¢ in suspensions of E. coli
cells are determined using the procedures described in section 2.4.

2.3 Cytochrome P450 and globin expression and the preparation of suspensions of E.
coli cells expressing these proteins. Purified P450s and globins were prepared differently
from the cytochrome c proteins, and described as follows. 100 mL HBamp in @ 500 mL flask
was inoculated with an overnight culture (2 mL, LBamp) of recombinant E. cloni®
EXPRESS BL21(DE3) cells containing a pET22b(+) plasmid encoding the P450 or globin
variant. The culture was shaken at 37 °C and 200 rpm (no humidity control) until the ODg,
was 0.7 (approximately 3 hours). The culture was placed on ice for 30 minutes, and IPTG
and 5-ALA were added to final concentrations of 0.5 mM and 1 mM, respectively. The
incubator temperature was reduced to 21 °C, and the culture was allowed to shake for 20
hours at 160 rpm. Cells were harvested by centrifugation (4 °C, 15 min, 4,000xg), and the
cell pellet was resuspended in M9-N buffer (ODsoo = 20). The concentrations of
cytochrome P450 and globins in suspensions of E. coli cells are determined using the
procedures described in section 2.4.

2.4 Cell lysate preparation and protein concentration determination. Cell lysates were
prepared as follow: The suspensions of E. coli cells containing expressed heme proteins
obtained in section 2.2 or 2.3 were lysed by sonication (1 minute, 1 second on, 1 second
off, 40% duty cycle; Qsonica Q500 sonicator). BugBuster 10X protein extraction reagent
(EMD Muillipore) was then added to each cell suspension. After 30 min incubation on ice,
the solution was aliquoted into 2 mL microcentrifuge tubes and the cell debris was removed
by centrifugation for 10 min (14,000xg, 4 °C). The supernatant was sterile filtered through
a 0.45 pum cellulose acetate filter to obtain the cell lysate solution. The concentration of
heme protein in cell lysate solution was determined by the hemochrome assay [3]. Briefly,
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500 pL of the cell lysate was added to a cuvette. 500 pL of solution I (0.2 M NaOH, 40%
(v/v) pyridine, 500 uM potassium ferricyanide) was added and the spectrum of this
oxidized sample was taken from 350-680 nm. Sodium dithionite (10 uL of 0.5 M solution
in 0.5 M NaOH) was added and the reduced spectrum was taken from 350-680 nm. The
pyridine hemochromagen concentration was determined using its Q bands, with the
following extinction coefficients: P450s and globins: 34.7 mM* cm? at 557 nm;
cytochromes c: 30.27 mM™ cm at 550 nm.

2.5 Library construction.  Cytochrome c site-saturation mutagenesis libraries were
generated using a modified version of the 22-codon site-saturation method [4]. For each
site-saturation library, oligonucleotides were ordered such that the coding strand contained
the degenerate codon NDT, VHG or TGG. The reverse complements of these primers were
also ordered. The three forward primers were mixed together in a 12:9:1 ratio,
(NDT:VHG:TGG) and the three reverse primers were mixed similarly. Two PCRs were
performed, pairing the mixture of forward primers with a pET22b(+) internal reverse
primer, and the mixture of reverse primers with a pET22b(+) internal forward primer. The
two PCR products were gel purified, ligated together using Gibson assembly[1], and
transformed into E. cloni® EXPRESS BL21(DE3) cells. Primer sequences are available
upon request.

2.6 Library screening in whole cells. Single colonies were picked with toothpicks off of
LBamprchior agar plates, and grown in deep-well (2 mL) 96-well plates containing LBampschior
(400 pL) at 37 °C, 250 rpm shaking, and 80% relative humidity overnight. After 16 hours,
30 pL aliquots of these overnight cultures were transferred to deep-well 96-well plates
containing HB;mpjchior (1 ML) using a 12-channel EDP3-Plus 5-50 uL pipette (Rainin).
Glycerol stocks of the libraries were prepared by mixing cells in LBampichior (100 pL) with
50% v/v glycerol (100 uL). Glycerol stocks were stored at —78 °C in 96-well microplates.
Growth plates were allowed to shake for 3 hours at 37 °C, 250 rpm shaking, and 80%
relative humidity. The plates were then placed on ice for 30 min. Cultures were induced by
adding 10 pL of a solution, prepared in sterile deionized water, containing 2 mM isopropyl
B-D-1-thiogalactopyranoside (IPTG) and 20 mM ALA. The incubator temperature was
reduced to 20 °C, and the induced cultures were allowed to shake for 20 hours (250 rpm, no
humidity control). Cells were pelleted (4,000xg, 5 min, 4 °C), resuspended in 380 uL M9-
N buffer, and the plates containing the cell suspensions were transferred to an anaerobic
chamber. To deep-well plates of cell suspensions were added NHC-borane substrate (10 uL.
per well, 400 mM in MeCN) and diazo reagent (10 puL per well, 400 mM in MeCN). The
plates were sealed with aluminum sealing tape and shaken in the anaerobic chamber at 680
rpm. After 36 h, the plates were removed from the anaerobic chamber. After quenching
with hexanes/ethylacetate (4:6 v/v, 0.6 mL). The plates were then sealed with sealing mats
and shaken vigorously to thoroughly mix the organic and aqueous layers. The plates were
centrifuged (4,000xg, 5 min) and the organic layer (200 uL) was transferred to autosampler
vials with vial inserts for chiral HPLC. Variants with improved activity and
enantioselectivity obtained from library screening were confirmed by small-scale
biocatalytic reactions, as described in section 2.7.

2.7 Small-scale whole cell bioconversion. In an anaerobic chamber, NHC-borane (10 pL,
400 mM in MeCN) and diazo reagent (7.5 uL, 400 mM in MeCN) were added to E. coli
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harboring Rma cyt ¢ variant (380 pL, ODeoo = 20) in a 2 mL crimp vial. The vial was
crimp-sealed and shaken in the anaerobic chamber at 680 rpm at room temperature for 36 h.
At the end of the reaction, the crimp vial was removed from the anaerobic chamber and was
quenched with hexanes/ethylacetate (4:6 v/v, 0.6 mL), followed by the addition of internal
standard (20 uL of 20 mM 1,2,3-trimethoxybenzene in toluene). The reaction mixture was
transferred to a microcentrifuge tube, vortexed (10 seconds, 3 times), then centrifuged
(14,000xg, 5 min) to completely separate the organic and aqueous layers (the vortex-
centrifugation step was repeated if complete phase separation was not achieved). The
organic layer (200 uL) was removed for GC-MS and chiral SFC/HPLC analysis. All
biocatalytic reactions reported were performed in replicates (duplicates to quadruplicates)
from at least two biological replicates. The total turnover numbers (TTNSs) reported are
calculated with respect to Rma cyt ¢ expressed in E. coli and represent the total number of
turnovers obtained from the catalyst under the stated reaction conditions.



Table S1. Preliminary experiments with heme and heme proteins
E. coli harboring _/]l\’\>

N heme protein variants (ODggg = 20) H,B lil
[ H—n + CFy >
N\ . M9-N buffer (pH 7.4) CF3
2

room temperature 2a

Catalyst TTN of 2a ee of 2a
Controls

None NR N/A
Hemin 112 0
hemin + BSA 52 4%
E. coli cell background trace n.d.

Heme protein variants

R. marinus cyt c BORM[5] 27+2 10%
R. marinus cyt c BOR®![5] 60 + 10 33%
R. marinus cyt ¢ BORR![5] 90+ 30 60%

Rhodothermus marinus nitric oxide

dioxygenase (RmaNOD) NR N/A
Myoglobin NR N/A
P411 CHA[6] NR /A
BM3 wild-type NR N/A

N/A — not applicable; NR — no product was detected; n.d. — not determined.

Experiments with hemin were performed using 100 pM hemin, 10 mM NHC-borane 1, 10
mM diazo substrate 2, 10 mM NazS204. Experiments with hemin and BSA were performed
using 100 uM hemin in the presence of BSA (0.75 mg/mL) instead. Experiments to
determine E. coli cell background reaction was performed with E. cloni® EXPRESS
BL21(DE3) cells containing a pET22b(+) plasmid encoding halohydrin dehalogenase
(HHDH) from Agrobacterium tumefaciens (UNIPROT ID Q93D82) instead of Rma cyt c.
A. tumefaciens HHDH is inactive towards NHC-borane 1 and diazo 2. Experiments were
performed using E. coli harboring the corresponding protein (ODeoo = 20) according to the
protocol described in Section Il. Reactions were performed in triplicate. TTNs reported are
the average of three experiments. Within instrument detection limit, variability in e.e. was
not observed.



Scheme S1. Rma cyt ¢ variants for enantioselective synthesis of a-CFs organoborons 13a
with NHC borane 1 and diazo compound 13. Reactions were performed in M9-N (pH 7.4)
suspensions of E. coli cells expressing Rma cyt ¢ variants (ODeoo = 20). Standard reaction
conditions were 10 mM borane substrate 1, 7.5 mM diazo substrate 2, room temperature
under anaerobic conditions. Total turnovers (TTN) were defined as the amount of a-CFs3
organoboron product divided by the total amount of expressed Rma cyt c protein as

determined by the hemochrome assay. wt refers to wild-type Rma cyt c.
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I11. Trifluorodiazo Alkane Synthesis and Characterization

o NNHTrs Pr Pr
Trs-NHNH ®J\ KOH i§ N
®J\CF3 2 > Chs 2 o CF T & MM
3 ipr o 0
Kn HCI cat. trisylnydrazone MeOH, 65 °C n
MeOH, rt n Trs-NHNH,

2,4,6-triisopropylbenzenesulfonylhydrazide (trisylhydrazide, Trs-NHNH2) was synthesized
as previously reported [7]. Ketone precursors (K2-K12) of diazo compounds 2-12 were
synthesized from corresponding alkyl bromides following the procedure reported in ref [8],
while the ketone precursor K13 of diazo compound 13 was synthesized from geranyl
bromide following the procedure in ref [9]. Trifluoroalkyl diazo compound n was
synthesized from the corresponding trifluoromethyl ketones Kn and trisylhydrazide via eq.
1 with a procedure modified from ref [7]. In a typical experiment, the trifluoromethyl
ketone substrate Kn (10 mmol) was dissolved in 10 mL methanol in a 50 mL round bottom
flask followed by addition of trisylhydrazide powder (3.6 g, 12 mmol). The flask was then
purged with Ar for 15 min. 200 pL of concentrated hydrochloric acid was added to the
reaction solution via syringe and the reaction was allowed to stir at room temperature for 8
— 12 hours. The reaction progress was monitored by TLC and '°F NMR. All trifluoromethyl
ketone substrates (Kn) studied in this work have F NMR resonances around -81 ppm,
while the trisylhydrazone products (Tn) have **F NMR resonances around -70 ppm. After
the majority (generally > 80%) of the trifluoromethyl ketone substrate Kn was converted to
the trisylnydrazone Tn as indicated by °F NMR, KOH pellets (1.68 g, 30 mmol) were
added to the reaction mixture and the flask was heated at 65 °C for 1.5 hours. The resulting
reaction mixture was cooled to room temperature and diluted with 50 mL water. The
solution was then extracted with 20 mL pentane for three times. The combined extract was
washed two times with saturated NaHCO3 solution and dried over anhydrous Na>SOas. After
removing the solvent under reduced pressure, the resulting orange crude product was
quickly purified via flash chromatography (pure pentane) on neutralized silica gel. The
obtained diazo compounds were generally over 90% pure as indicated by °F and *H NMR.
The main impurity was an unidentified species with *F NMR resonance around -71 ppm.
The presence of this impurity in the diazo compounds will not affect the activity and
enantioselectivity of our enzymatic reaction. For all trifluoroalkyl diazo compounds
synthesized in this work, the **C NMR resonances that correspond to the diazo carbon were
not observed, which is consistent with previous reports [10].

CAUTION: Diazo compounds are toxic and potentially explosive and should be handled
with care in a well-ventilated fumehood.
(3-diazo-4,4,4-trifluorobutyl)benzene (2)
oF 'H NMR (500 MHz, CDCl3) § 7.41 — 7.32 (m, 2H), 7.30 — 7.14 (m,
: 3H), 2.87 (t, J = 7.6 Hz, 2H), 2.55 (t, J = 7.6 Hz, 2H); 1*C NMR (101
WNZ MHz, CDClz) 6 139.52, 128.72, 128.48, 126.68, 33.94, 24.03. The
13C resonance corresponds to the CF3 group was not well resolved;

F NMR (282 MHz, CDCls) & -58.63 (s); MS (ESI) m/z [M + H]*
calcd for C1oH10N2F3: 215.0796, found: 215.0809.
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1-chloro-4-(3-diazo-4,4,4-trifluorobutyl)benzene (3)
oF 'H NMR (500 MHz, CDCl3) 6 7.33 — 7.29 (m, 2H), 7.16 (d, J =
® 8.2 Hz, 2H), 2.83 (t, J = 7.5 Hz, 2H), 2.64 — 2.44 (m, 2H); 13C
N,  NMR (101 MHz, CDCI3) 6 137.9, 132.5, 129.8, 128.9, 33.3,
ol 24.0. The C resonance corresponds to the CF3 group was not

well resolved; F NMR (376 MHz, CDCls) § -58.6 (s); MS
(FAB) m/z [M + H]* calcd for C10HoN2F3Cl: 249.0406, found: 249.0397.

1-(3-diazo-4,4,4-trifluorobutyl)-3-methoxybenzene (4)
'H NMR (400 MHz, CDCls) § 7.15 — 7.09 (m, 2H), 6.87 — 6.83
CFs (m, 2H), 3.80 (s, 3H), 2.78 (t, J = 7.6 Hz, 2H), 2.48 (t, J = 7.6
N, Hz, 2H); 3C NMR (101 MHz, CDCls) & 158.4, 131.6, 129.4,
oo 127.1 (q, J = 267.9 Hz) 114.1, 55.3, 33.0, 24.2; °F NMR (282
e

MHz, CDCls) 6 -58.6 (s); MS (FAB) m/z [M + H]" calcd for
C11H120N2F3: 245.0902, found: 245.0904.

4-(3-diazo-4,4,4-trifluorobutyl)-1,2-dimethoxybenzene (5)
o IH NMR (400 MHz, CDCls) § 6.75 (d, J = 8.1 Hz, 1H), 6.71 —
Ve ®  6.63 (m, 2H), 3.81 (s, 3H), 3.80 (s, 3H), 2.72 (t, J = 7.5 Hz,
WNQ 2H), 2.43 (t, J = 7.6 Hz, 2H); *C NMR (101 MHz, CDCls) §
Ve 149.0, 147.8, 132.1, 127.1 (g, J = 268.0 Hz), 120.4, 111.6,

111.4, 55.9, 55.9, 33.5, 24.2; *°F NMR (282 MHz, CDCls) & -
58.8 (s); MS (ESI) m/z [M + Na]" calcd for C12H13N20-F3Na: 297.0827, found: 297.0810.

6-(3-diazo-4,4,4-trifluorobutyl)-2,3-dihydrobenzofuran (6)

IH NMR (400 MHz, CDCls) § 7.08 — 7.03 (m, 1H), 6.98 — 6.92 (m,
1H), 6.75 (d, J = 8.1 Hz, 1H), 4.59 (t, J = 8.7 Hz, 2H), 3.21 (t, J =

CF3
0 N, 8.7 Hz, 2H), 2.79 (t, J = 7.6 Hz, 2H), 2.49 (dd, J = 8.1, 7.0 Hz, 2H);
13C NMR (101 MHz, CDCl3) § 158.9, 131.5, 128.0, 127.4, 127.1 (q,
J = 268.0 Hz), 125.0, 71.2, 33.4, 29.7, 24.4. 9F NMR (282 MHz,

CDCls) & -58.6 (s): MS (FAB) m/z [M - NaJ** caled for CioHiFsO: 228.0762, found:
228.0760.

(4-diazo-5,5,5-trifluoropentyl)benzene (7)
'H NMR (400 MHz, CDCl3) & 7.51 — 7.12 (m, 1H), 2.74 (t, J = 7.6
@\/\13 Hz, 5H), 2.29 (t, J = 7.5 Hz, 2H), 1.90 (p, J = 7.6 Hz, 2H); °C
N, NMR (101 MHz, CDCls) 6 140.9, 128.6, 128.4, 127.0 (q, J = 267.9
Hz), 126.2, 34.8, 29.0, 21.2; ®F NMR (282 MHz, CDCl3) & -59.0
(s); MS (FAB) m/z [M + H - N2]* calcd for C11H11F3: 200.0813, found: 200.0814.

(5-diazo-6,6,6-trifluorohexyl)benzene (8)
'H NMR (500 MHz, CDCl3) § 7.32 (dd, J = 8.2, 6.8 Hz, 2H),

©Fs  7.24-7.18 (m, 3H), 2.67 (t, J = 7.6 Hz, 2H), 2.27 (t, J = 7.5 Hz,
©/MN2 2H), 1.73 (tt, J = 9.1, 6.8 Hz, 2H), 1.64 — 1.52 (m, 2H); **C NMR
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(101 MHz, CDClz) 8 141.9, 128.4, 128.4, 127.0 (q, J = 268.0 Hz), 125.9, 35.5, 30.4, 26.9,
21.5; F NMR (376 MHz, CDCl3) & -58.8 (s); MS (FAB) m/z [M + H]* calcd for
C12H14N2F3: 243.1109, found: 243.1097.

(2-diazo-3,3,3-trifluoropropyl)benzene (9)

'H NMR (300 MHz, CDCl3) § 7.46 — 7.19 (m, 5H), 3.54 (s, 2H); 13C
@\/Cgs NMR (126 MHz, CDCls) § 135.7, 129.0, 128.4, 127.5, 27.9. The 3C
N, resonance corresponds to the CFs group was not well resolved; *°F
NMR (282 MHz, CDCls) & -58.7; MS (FAB) m/z [M + H]" calcd for
CoHsN2F3: 201.0640, found: 201.0638.

(3-diazo-4,4,4-trifluorobutyl)cyclohexane (10)

'H NMR (500 MHz, CDCl3) § 2.29 — 2.21 (m, 2H), 1.80 — 1.66
CFs  (m, 5H), 1.47 — 1.37 (m, 2H), 1.36 — 1.14 (m, 4H), 1.02 — 0.87
WNZ (m, 2H); **C NMR (101 MHz, CDCls) § 127.1 (q, J = 267.9 Hz).
36.8, 34.6, 33.0, 26.50, 26.20, 18.90; F NMR (376 MHz,

CDCl3) & -58.9; MS (ESI) m/z [M + H]* calcd for C1oH1sN2F3: 221.1266, found: 221.1259.

2-diazo-1,1,1-trifluorodecane (11)

IH NMR (500 MHz, CDCl3) § 2.23 (t, J = 7.5 Hz, 2H), 1.54
CF,4 (p,J=7.4 Hz, 2H), 1.45 - 1.21 (m, 10H), 0.91 (t, J = 6.8 Hz,
WN 3H); 1*C NMR (101 MHz, CDCl3) § 127.1 (q, J = 268.0 Hz),
2 31.8,29.2,29.1, 28.7, 27.3, 22.6, 21.6, 14.1; °F NMR (282
MHz, CDCls) 6 -58.9; MS (FAB) m/z [(M + H) - H2]* calcd
for C1oH1sN2F3: 221.1266, found: 221.1285.

2-diazo-1,1,1-trifluorodecane (12)

CF This diazo compound was purified with Biotage SNAP Ultra C18

M3 column using water/acetonitrile (50% - 95%) eluent. The product

X N, fractions were combined, diluted with water, and extracted with

pentane. The solvent of the pentane extract was carefully removed

under reduced pressure to afford the volatile diazo compound 12. 'H NMR (500 MHz,

CDCls) & 5.20 — 5.01 (m, 1H), 2.29 — 2.20, (m, 4H), 1.73 (s, 3H), 1.65 (s, 3H); 3C NMR

(101 MHz, CDCls) & 134.5, 121.8, 26.3, 25.9, 22.1, 17.8. The 13C resonance corresponds to

the CF3 group was not well resolved; *°F NMR (376 MHz, CDCls) § -58.9; MS (ESI) m/z
[M + H]* calcd for CsH12N2F3: 193.0953, found: 193.0941.

(E)-9-diazo-10,10,10-trifluoro-2,6-dimethyldeca-2,6-diene (13)

IH NMR (400 MHz, CDCl3) & 5.20 — 5.06 (m, 2H), 2.28 (d,
J =3.3 Hz, 2H), 2.18 — 1.97 (m, 4H), 1.71 (d, J = 1.4 Hz,

3H), 1.66 (s, 3H), 1.64 (s, 3H); 13C NMR (101 MHz, CDCls)
WNZ § 137.9, 131.6, 127.1 (d, J = 267.9 Hz), 124.0, 121.4, 39.7,
26.5, 26.1, 25.6, 22.0, 17.6, 16.0. 2°F NMR (282 MHz, cdcls)

d -58.9; MS (FAB) m/z [M]™ calcd for Ci2Hi7F3Na:
246.1344, found: 246.1367.
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IV. Synthesis and Characterization of Authentic Organoborane Products

Racemic standard references of organoborane products were prepared via Rh-catalyzed B—
H insertion reactions with procedures slightly modified from a previously reported method
[11]. Namely, a 4 mL vial with screw cap and PTFE septum was charged with a borane
substrate (1.0 mmol, 1 equiv.) and Rh2(OAc)s (22 mg, 5 mol%). The vial was evacuated
and backfilled with Ar three times and 2 mL of anhydrous CH2Cl, was added. A CHCl;
solution (1 mL) of diazo compound (1.0 mmol) was slowly added to the reaction mixture
over 4 hours at room temperature. Afterwards, the reaction mixture was allowed to further
react overnight. The crude reaction mixture was purified by flash chromatography using
EtOAc and hexanes as eluents and afforded organoborane products. The ‘H NMR
resonances of the B—H protons are broad (due to geminal coupling with boron) and
generally in the range of 0.4 — 1.6 ppm. The *C NMR resonances of the boron-binding
NHC quaternary carbons usually appear at around 170 ppm and are typically broad (due to
germinal coupling with boron) and weak; these signals are sometimes not visible in the **C
NMR spectra.

(1,3-dimethyl-1H-imidazol-3-ium-2-yl)(1,1,1-trifluoro-4-phenylbutan-2-
yl)dihydroborate (2a)

'H NMR (400 MHz, CDCls) § 7.22 — 7.14 (m, 4H), § 7.11 — 7.03

GFs N (m, 1H), 6.71 (s, 2H), 3.62 (s, 6H), 2.73 (dddd, J = 50.4, 13.7, 9.8,
6.1 Hz, 2H), 2.01 — 1.84 (m, 1H), 1.80 — 1.50 (m, 2H), 1.37 —
1.05 (m, 2H); *C NMR (101 MHz, CDCl3) & 170.7, 143.8, 133.5

(g, J = 279.0 Hz), 128.9, 128.4, 125.6, 120.6, 36.1, 35.4, 33.1,

32.3(q, J = 3.7 Hz); !B NMR (128 MHz, CDCl3) § -28.6 (t, J =
87.4 Hz); F NMR (282 MHz, CDCls) § -64.2 (d, J = 12.5 Hz); MS (ESI) m/z [M + Na]*
calcd for C1sH20BN2FsNa: 319.1569, found: 319.1567.

(4-(3-chlorophenyl)-1,1,1-trifluorobutan-2-yl)(1,3-dimethyl-1H-imidazol-3-ium-2-
yl)dihydroborate (3a)

IH NMR (300 MHz, CDCl3) & 7.34 — 7.17 (m, 4H), 6.85 (d, J

= 0.7 Hz, 6H), 3.75 (d, J = 0.7 Hz, 2H), 2.98 — 2.70 (m, 2H),

CF; N’> 2.09 — 0.98 (m, 5H); 3C NMR (101 MHz, CDCls) § 170.3,

142.1, 133.1 (g, J = 278.7 Hz), 131.0, 130.0, 128.2, 120.4,

/O/\)\ H, 35.8, 34.3, 32.7, 31.9; !B NMR (128 MHz, CDCls) § -28.6 (t,
cl J = 87.3 Hz); 1F NMR (282 MHz, CDCls) & -64.2 (d, J =

115 Hz); MS (ESI) miz [M + Na]® caled for
CisH19BN2F3CINa: 353.1180, found: 353.1195.

(1,3-dimethyl-1H-imidazol-3-ium-2-yl)(1,1,1-trifluoro-4-(3-methoxyphenyl)butan-2-
yhdihydroborate (4a)

IH NMR (400 MHz, CDCl3) § 7.19 — 7.12 (m, 2H), 6.84 —
CF, /h,l:> 6.80 (m, 2H), 6.79 (s, 2H), 3.79 (s, 3H), 3.70 (s, 6H), 2.89 —

2.59 (m, 2H), 1.96 (tt, J = 10.3, 5.5 Hz, 1H), 1.84 — 1.03 (m,
4H); 13C NMR (101 MHz, CDCl3) § 170.7, 157.4, 135.6,
133.2 (g, J = 278.8 Hz), 129.4, 120.3, 113.5, 55.3, 35.8,
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34.1,32.4,32.2 (9, J = 3.7 Hz); !B NMR (128 MHz, CDCls) & -28.6 (t, J = 87.5 Hz); 1°F
NMR (282 MHz, CDCl3) & -64.2 (d, J = 12.3 Hz); MS (FAB) m/z [M]™ calcd for
C1sH22BN2OF3: 326.1777, found: 326.1777.

(4-(3,4-dimethoxyphenyl)-1,1,1-trifluorobutan-2-yl)(1,3-dimethyl-1H-imidazol-3-ium-
2-yl)dihydroborate (5a)

. IH NMR (400 MHz, CDCl3) § 6.73 (s, 2H), 6.73 — 6.70 (m,
6Fs N7\ 3H), 380 (s, 3H), 3.79 (5, 3H), 3.64 (5, 6H), 2.69 (dddd, J
MeO ,gzk\m =55.9, 13.8, 9.9, 6.1 Hz, 2H), 1.91 (g, J = 12.5, 10.2 Hz,
D/\)\Hz I 1H), 1.73 — 1.47 (m, 2H), 1.32 — 1.03 (m, 2H); 3C NMR

MeO (101 MHz, CDCls) & 148.6, 146.8, 133.2 (d, J = 279.0 Hz),
129.1, 120.3, 120.3, 111.8, 111.0, 55.9, 55.8, 35.8, 34.6,

32.0 (d, J = 3.8 Hz); !B NMR (128 MHz, CDCl3) & -28.6 (t, J = 87.5 Hz); 1B NMR (128
MHz, CDCls) 5 -28.6 (t, J = 87.4 Hz); °F NMR (282 MHz, CDCl3) § -64.2 (d, J = 12.4 Hz);
MS (ESI) m/z [M + H — H,]" calcd for C17H23BN202F3: 355.1805, found: 355.1832.

(4-(2,3-dihydrobenzofuran-6-yl)-1,1,1-trifluorobutan-2-yl)(1,3-dimethyl-1H-imidazol-
3-ium-2-yl)dihydroborate (6a)

\ !H NMR (400 MHz, CDCl3) § 7.10 — 7.05 (m, 1H), 6.97 —

CF3 N7\ 6.93 (m, 1H), 6.79 (s, 2H), 6.68 (d, J = 8.1 Hz, 1H), 4.53 (t, J

o) g/’*NJ, = 8.6 Hz, 2H), 3.71 (s, 6H), 3.22 — 3.11 (m, 2H), 2.73 (dddd,

Hy | J=54.4,13.7, 10.0, 6.0 Hz, 2H), 2.02 — 1.88 (m, 1H), 1.84 —

1.57 (m, 2H), 1.45 — 1.00 (m, 2H); **C NMR (101 MHz,

CDCls) 6 170.7, 157.9, 135.6, 133.3 (q, J = 278.8 Hz), 127.8, 126.7, 125.0, 120.3, 108.6,

71.1, 35.8, 34.5, 32.6 (g, J = 3.6 Hz), 31.9, 29.9; !B NMR (128 MHz, CDCl3) § -28.6 (t, J

= 87.4 Hz); F NMR (282 MHz, CDCls) § -64.2 (d, J = 12.5 Hz); MS (FAB) m/z [M]™*
calcd for C17H22BN2OF3: 338.1777, found: 338.1777.

(1,3-dimethyl-1H-imidazol-3-ium-2-yl)(1,1,1-trifluoro-5-phenylpentan-2-
yl)dihydroborate (7a)

. IH NMR (400 MHz, CDCl3) & 7.27 — 7.00 (m, 5H), 6.71 (s,
oFs N 2H), 3.64 (s, 6H), 2.54 (ddd, J = 9.0, 6.6, 2.5 Hz, 2H), 1.79
- s (m, 1H), 1.73 — 1.56 (m, 2H), 1.39 (m, 2H), 1.32 — 0.93 (m,

B 17 2H); 13C NMR (101 MHz, CDCls) § 170.7, 143.6, 133.6 (q, J

= 279.0 Hz), 128.8, 128.5, 125.7, 120.6, 36.9, 36.1, 33.1, 316,

30.7 (g, J = 3.7 Hz); "B NMR (128 MHz, CDCls) 3 -28.6 (t, J = 87.3 Hz); 1°F NMR (282
MHz, CDCls) 6 -64.9 (d, J = 12.0 Hz); MS (ESI) m/z [M + Na]* calcd for C16H22BN2F3Na:

333.1726, found: 333.1736.

(1,3-dimethyl-1H-imidazol-3-ium-2-yl)(1,1,1-trifluoro-6-phenylhexan-2-
yhdihydroborate (8a)
\ 'H NMR (400 MHz, CDCls) & 7.23 — 7.17 (m, 2H), 7.16 —
CF, N’\> 7.03 (m, 3H), 6.71 (s, 2H), 3.65 (s, 6H), 2.64 — 2.48 (m, 2H),
g/k\Na, 1.73 — 0.91 (m, 9H); C NMR (101 MHz, CDCls) § 170.8,
©/\/\)\“2 ! 143.6, 133.6 (q, J = 278.9 Hz), 128.8, 128.5, 125.8, 120.6,
36.4, 36.1, 33.2, 32.4, 30.6 (q, J = 3.7 Hz), 29.2; 1B NMR
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(128 MHz, CDCls3) & -28.6 (t, J = 87.4 Hz); °F NMR (282 MHz, CDCls) § -64.3 (d, J =
12.6 Hz); MS (ESI) m/z [M + Na]" calcd for C17H24BN2F3Na: 347.1882, found: 347.1877.

(1,3-dimethyl-1H-imidazol-3-ium-2-yl)(1,1,1-trifluoro-3-phenylpropan-2-
yl)dihydroborate (9a)

. IH NMR (400 MHz, CDCl3) & 7.17 — 7.12 (m, 4H), 7.09 — 6.99 (m,

@\/C[s N\ 1H), 6.65 (s, 2H), 3.52 (s, 6H), 2.95 (d, J = 13.5 Hz, 1H), 2.65 —

,;/L\N+ 2.42 (m, 1H), 1.87 — 0.82 (m, 3H); *C NMR (101 MHz, CDCl3) &

H, | 1435, 132.8 (q, J = 278.7 Hz), 129.1, 127.8, 125.2, 120.2, 36.6 (q, J

= 4.0 Hz), 35.7; !B NMR (128 MHz, CDCls) & -28.6 (t, J = 87.5

Hz); F NMR (282 MHz, CDCls) & -64.2 (d, J = 11.9 Hz); MS (ESI) m/z [M + Na]" calcd
for C14H1sBN2F3Na: 305.1413, found: 305.1416.

(4-cyclohexyl-1,1,1-trifluorobutan-2-yl)(1,3-dimethyl-1H-imidazol-3-ium-2-
yl)dihydroborate (10a)

N 'H NMR (400 MHz, CDCl3) & 6.80 (s, 2H), 3.75 (s, 6H), 1.81

CF3 N7\ - 1.03 (m, 16H), 0.96 — 0.80 (m, 2H); *C NMR (101 MHz,

W\)\g/'*m CDCl3) 6 133.7 (q, J = 278.9 Hz), 120.6, 38.6, 37.4, 36.2, 33.9,

Hy | 33.7,28.1 (q, J = 3.7 Hz), 27.2, 26.9 (d, J = 3.2 Hz); B NMR

(128 MHz, CDCl3) & -28.6 (t, J = 87.4 Hz); °F NMR (282

MHz, CDCls) & -64.4 (d, J = 12.4 Hz); MS (ESI) m/z [M + Na]* calcd for C1sH26BN2FsNa:
325.2039, found: 325.2031.

(1,3-dimethyl-1H-imidazol-3-ium-2-yl)(1,1,1-trifluorodecan-2-yl)dihydroborate (11a)

. IH NMR (400 MHz, CDCl3) & 6.80 (s, 2H), 3.75 (s, 6H),

CF; N7\ 1.75— 1.45 (m, 3H), 1.40 — 1.13 (m, 14H), 0.93 — 0.83 (m,

N N N N A 3H); 3C NMR (101 MHz, CDCl3) & 171.0, 133.7 (q, J =

H2 | 278.9 Hz), 120.6, 36.2, 33.5, 32.3, 30.8 (g, J = 3.7 Hz), 30.5,

30.0, 29.8, 29.6, 23.0, 14.5; 1B NMR (128 MHz, CDCl3) §

-28.6 (t, J = 87.3 Hz); F NMR (282 MHz, CDCls) § -64.3 (d, J = 12.3 Hz); MS (ESI) m/z
[M + Na]" calcd for C1sH28BN2F3Na: 327.2195, found: 327.2178.

(1,3-dimethyl-1H-imidazol-3-ium-2-yl)(1,1,1-trifluoro-6-methylhept-5-en-2-
yl)dihydroborate (12a)

\ 'H NMR (400 MHz, CDCl3) § 6.80 (s, 2H), 5.14 (tp, J = 7.0,

CF; N7\ 1.4 Hz, 1H), 3.75 (s, 6H), 2.29 — 2.02 (m, 2H), 1.68 (s, 3H),

)\/\/kg/k\m 1.63 (s, 3H), 1.80 — 1.03 (m, 5H); *C NMR (101 MHz, CDCls)

Hy | 6 133.6 (g, J = 278.8 Hz), 131.2, 126.0, 120.6, 36.1, 33.1, 30.8

(q,J=3.6 Hz), 27.8, 26.1, 18.1; 1B NMR (128 MHz, CDCl3) §

-28.7 (t, J = 87.4 Hz); *F NMR (282 MHz, CDCls) § -64.3 (d, J = 12.3 Hz); MS (ESI) m/z
[M + Na]" calcd for C13H22BN2F3Na: 297.1726, found: 297.1723.

(E)-(1,3-dimethyl-1H-imidazol-3-ium-2-yl)(1,1,1-trifluoro-6,10-dimethylundeca-5,9-
dien-2-yl)dihydroborate (13a)
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. IH NMR (400 MHz, CDCls) § 6.73 (s, 2H), 5.17 — 4.96

6Fs N7\ (m, 2H), 366 (5, 6H), 2.20 - 201 (m, 2H), 2.01 - 1.85
)\/\/K/\AB/KM (m, 4H), 1.65 — 1.56 (m, 3H), 1.53 (d, J = 8.5 Hz, 6H),
H | 1.42 — 096 (m, 3H); 3C NMR (101 MHz, CDCls) &

170.2, 1333 (g, J = 278.8 Hz), 134.6, 131.2, 125.5,

124.5, 120.3, 39.8, 35.8, 32.8, 30.4 (q, J = 3.7 Hz), 27.4, 26.8, 25.7, 17.7, 16.0; 'B NMR

(128 MHz, CDCls3) & -28.7 (t, J = 87.1 Hz); °F NMR (282 MHz, CDCls) § -64.3 (d, J =
12.6 Hz); MS (FAB) m/z [(M + H) — Hz]" calcd for C17H27BN2F3: 327.2219, found: 327.2223.

V. GC-MS Standard Curves for Organoborane Products

Product formation in enzymatic reactions was quantified by GC-MS based on standard
curves. To determine the standard calibration curves, stock solutions of chemically
synthesized organoborane products were prepared at various concentrations (0.5 - 7 mM in
4:6 hexanes/EtOAc) with added internal standard 1,2,3-trimethoxybenzene (6.45 mM final
concentration in the stock solutions). All data points represent the average of duplicate
runs. The standard curves plot product concentration in mM (y-axis) against the ratio of
product area to internal standard area on GC-MS (x-axis).
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V1. Determination of Enantioselectivity

All e.r. values of enzymatically synthesized borane products were determined using chiral
SFC or normal-phase chiral HPLC. The absolute configurations of enzymatically
synthesized borane products 2a were determined to be R by measuring the optical rotation
of its derivatized alcohol (see section VIII). Absolute configurations of other organoborane
products were inferred by analogy, assuming the facial selectivity of the diazo reagents
from which these products were made remains the same as that of 2a.
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VII. Preparative Scale Enzymatic Reactions and product derivatization
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Preparative scale enzymatic synthesis of 2a (0.4 mmol scale reaction). To a 100 mL
conical flask were added 20 mL BOR-CFs whole-cell solution (ODeoo = 20), 1 mL glucose
solution (1 M), borane substrate 1 (0.7 mL, 400 mM in MeCN) and trifluorodiazo
compound 2 (0.5 mL, 400 mM in MeCN). The flask was shaken at 240 rpm in the
anaerobic chamber. After 6 hours, another batch of whole-cell solution (20 mL, ODeoo =
20), glucose (1 mL, 1 M), borane substrate 1 (0.7 mL, 400 mM in MeCN) and diazo 2 (0.5
mL, 400 mM in MeCN) were added to the reaction mixture. The reaction mixture was
shaken for a total of 36 hours and then divided between four 50 mL Falcon tubes. 25 mL
3:7 hexanes/EtOAc solution was added to each tube to extract the borylation product via
vortexing (30 s for three times) and centrifugation (5,000xg, 5 min). After removal of the
organic layers, two additional rounds of extraction were performed. The combined organic
extracts were dried over anhydrous Na»SO4, concentrated, and purified by flash
chromatography with EtOAc/hexanes (0% to 45% EtOAc/hexanes gradient) to afford pure
organoborane product 2a (65 mg, 0.22 mmol, 1620 TTN, 55% yield based on the added
trifluorodiazo compound 2). The stereoselectivity of the product was determined as 97:3
e.r. by normal-phase chiral HPLC. [a]o® = - 12.9(c 0.18, CH2Cl,).
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Derivatization of Enzymatic Borylation Product 2a to Free Boronic Acid 2c

\
CFs N\ CF3 CFs
S /k:N} HCl ___OH NaBOs; :

S B > OH
m“z | CH4CN, 40 °C, 6h méH 1:1 HO/THF, rt 2d

The protocol was modified from ref [12]. To a 4 mL vial with screw cap were added 18 mg
enzymatic product 2a (0.06 mmol) and a stir bar. The vial was evacuated and backfilled
with argon for three times. 1.0 mL acetonitrile containing 80 pL of 5M HCI aqueous
solution was added to the vial via syringe. The resulting solution was stirred for 6 hours at
40 °C. The solvent was then removed under high vacuum followed by addition of 2 mL of
diethyl ether. The vial was vortexed for 1 min and the ether solution was passed through a
syringe filter to remove the insolubles. The filtrate was dried under vacuum to afford crude
2c. The yield of 2c was determined by **F NMR with fluorobenzene as internal standard
(2c has a *F NMR chemical shift at & -62.3 (d, J = 11.3 Hz)).

The crude 2c was dissolved in 1:1 THF/H20 (2 mL) and excess NaBOz*4H>0 (3 eq.) was
added to the solution. The reaction was stirred for 4 hours and then extract three times with
5 mL ethylacetate. The combined organic solvent was evaporated and the crude product
was purified by flash chromatography (0 - 30% hexanes/EtOAc). 10.0 mg alcohol 2d was
obtained (82% vyield). This compound is known (21). The specific optical rotation was
determined to be [«]o® = 21.5 (¢ 0.4, CHCIs), suggesting an R absolute configuration by
comparing with literature values [13]. The e.r. was confirmed by chiral GC with FID
detector using a Chirasil-DEX CB column (30.0 m x 0.25 mm) (conditions: 140 °C
isothermal at 1.0 mL/min He carrier gas flow). Retention time: 5.20 min for R enantiomer,
6.00 min for S enantiomer).

A
s;a CF;
600- % - OH
400- |\\ 2 rac-2d
- \
0- i “ T
i P : 6 i
1A
J g CF
e ¢ :
250° I ©/\/\ OH
zan? R-2d
e
100 \'7 8
i g
0 ‘
: T — T U T T —
4 45 5 55 g 85 7 75 i
rac-2d R-2d
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Time (min) (mAu) Area% Time (min) (mAu) Area%
5.20 5107 50.1 5.38 1904 96.8
6.00 5090 49.9 6.38 63 3.2

25



VI11. Computational Modeling

8.1 Quantum Mechanics (Density Functional Theory) Calculations

DFT calculations were carried out using Gaussian09 [14]. A truncated model containing the
porphyrin pyrrole core, Fe center and an imidazole to mimic histidine as Fe-axial ligand
was used. Geometry optimizations and frequency calculations were performed using
(U)B3LYP [15-17] functional with the SDD basis set for iron and 6-31G(d) on all other
atoms. All transition states had one negative force constant corresponding to the desired
transformation. All stationary points were verified as minima or first-order saddle points by
a vibrational frequency analysis. Enthalpies and entropies were calculated for 1 atm and
298.15 K. A correction to the harmonic oscillator approximation, as discussed by Truhlar
and co-workers, was also applied to the entropy calculations by raising all frequencies
below 100 cm™ to 100 cm? [18-19] using Goodvibes v.1.0.1 software [20]. Single point
energy calculations were performed using the dispersion-corrected functional (U)B3LYP-
D3(BJ) [21-22] with the Def2TZVP basis set on all atoms. The CPCM polarizable
conductor model (diethyl ether, € = 4) [23-24] was used in optimizations and single point
calculations to have an estimation of the dielectric permittivity in the enzyme active site.
The use of a dielectric constant e=4 has been proved to be a good and general model to
account for electronic polarization and small backbone fluctuations in enzyme active sites
[25-26].

The methodology employed in this study, based on the use of (U)B3LYP density
functional, is very similar to the one previously used by Shaik group for the study of iron
carbene porphyrins [27] and more recently by Luis, Sola, Costas and co-workers to study
non-heme iron carbene transfer reactions [28] and has also been tested in our related
previous study [29]. (U)B3LYP has also been extensively validated to accurately perform
in the computational modeling of iron-oxo chemistry [30-34]. The modeling of the open-
shell electronic state was done by a Gaussian09 ‘“stable = opt” calculation [35-37] to
generate a singlet open-shell orbital guess from the triplet optimized geometry, followed by
a full optimization of the system starting from this guess. All Gibbs energy values
discussed in the manuscript and Sl correspond to the quasi-harmonic corrected Gibbs
energies (AG-gh) at (U)B3LYP-D3(BJ)/Def2TZVP/PCM(Et.0)  //(U)B3LYP/6-
31G(d)+SDD(Fe)/PCM(Et20) level, if not otherwise noted. Optimized DFT structures are
illustrated with CYLView [38].

8.2 Molecular Dynamics (MD) Simulations

Molecular Dynamics simulations were performed using the GPU code (pmemd) [39] of the
AMBER 16 package [40]. Parameters for the carbene bound IPC were generated within
the antechamber and MCPB.py [41] modules in AMBER16 package using the general
AMBER force field (gaff) [42] with partial charges set to fit the electrostatic potential
generated at the B3LYP/6-31G(d) level by the RESP model.[43] The charges were
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calculated according to the Merz-Singh—Kollman scheme[44-45] using the Gaussian 09
package [14]. Protonation states of protein residues were predicted using H++ server. Each
protein was immersed in a pre-equilibrated truncated cuboid box with a 10 A buffer of
TIP3P [46] water molecules using the leap module, resulting in the addition of around
6,400 solvent molecules. The systems were neutralized by addition of explicit counter ions
(Na" and CI). All subsequent calculations were done using the widely tested Stony Brook
modification of the Amber14 force field (ff14sb) [47]. A two-stage geometry optimization
approach was performed. The first stage minimizes the positions of solvent molecules and
ions imposing positional restraints on the solute by a harmonic potential with a force
constant of 500 kcal-mol™*-A2and the second stage minimizes all the atoms in the
simulation cell except those involved in the harmonic distance restraint. The systems were
gently heated using six 50 ps steps, incrementing the temperature by 50 K for each step (0—
300 K) under constant-volume and periodic-boundary conditions. Water molecules were
treated with the SHAKE algorithm such that the angle between the hydrogen atoms was
kept fixed. Long-range electrostatic effects were modelled using the particle-mesh-Ewald
method [48]. An 8 A cutoff was applied to Lennard—Jones and electrostatic interactions.
Harmonic restraints of 30 kcal-mol™ were applied to the solute and the Andersen
equilibration scheme was used to control and equalize the temperature. The time step was
kept at 1 fs during the heating stages, allowing potential inhomogeneities to self-adjust.
Each system was then equilibrated for 2 ns with a 2 fs time step at a constant volume.
Production trajectories were then run for an additional 500 ns under the same simulation
conditions. Trajectories were processed and analyzed using the cpptraj [49] module from
Ambertools utilities.

Docking calculations were performed using Autodock Vina [50]. Docking predictions were
refined by performing constrained molecular simulations: Taking docking structures as a
starting points for MD simulations, the distance between the Fe-Porph center and the diazo-
C central atom was kept constrained to 3.0-3.4 A during the MD production run to sample
reactant complex conformations that could lead to the carbene forming transition state.
Docking calculations were carried out using the most populated cluster structure obtained
from MD simulations on the apo state of BOR-CFs.

8.3 Computational Supporting Figures
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Figure S1. BOR-CF; front loop (residues 99-103) conformational dynamics. a) Overlay of 10
clusters obtained from 500ns MD trajectory on the apo state of BOR-CFs. b) Root-mean square
fluctuation (RMSF) measured for each individual Co during MD trajectory. RMSF measured values
describe the large flexibility of the residues on the loop, mainly induced by the newly introduced
mutations, becoming especially relevant at M99A and M100L positions.
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Figure S2. Key interactions of V75S in apo BOR-CFs. a) H-bond interaction between V75S side
chain and Y71 backbone along 500 ns MD trajectory of apo BOR-CFs. b) H-bond interaction
between Y71 side chain and heme carboxyl group (centroid between the two O atoms) along 500 ns
MD trajectory of apo BOR-CFs. Both H-bond interactions were kept during the entire trajectory.

29



a) b) 45

\/\
Ve
c)
1 1
(B LS
X KX
Mode 1 s N Mode 2 8 N Mode 3
Z LR A=-56 - e e A=s52 © T t A=-4.0
T
'
LS
Y
)2 of%
A N s
s Mode 4 s P Lo Mode 5 7 P Lo Mode 6
A=-35 A=-29 A=-27
e " \\_W Mode 7
T A=-23

Figure S3. Docking of diazo compound 2 in BOR-CFs. a) Overlay of the 7 best ranked binding
modes predicted by docking simulations of diazo 2 into the heme distal pocket of BOR-CFs. b)
Representation of the empty surface area in the most populated cluster obtained from 500 ns MD
simulation on apo BOR-CFs. ¢) Individual top views of the 7 best ranked binding modes predicted
by docking simulations of diazo 2 into the heme distal pocket of BOR-CFs. Mode 1 and 2 were used
as starting points for constrained MD simulations ( Fe — C(diazo central C) distance was
constrained to 3.0-3.4 A during 500ns MD production run) to better characterize the diazo 2 binding
in a catalytically competent pose, as shown in Figure 4 in the main text.
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Figure S4. Conformational analysis of IPC 2b intermediate bound into BOR-CFs. a)
Conformations explored by IPC 2b when formed into BOR-CFz as function of the defined
£N(Porph)-Fe-C(carbene)-C(CFs) dihedral angle, as described in the figure, for three independent
500 ns MD trajectories (replica 1, blue; replica 2, green; replica 3, yellow). Two main
conformations are explored, corresponding to dihedral angle values of: Conformer 1 = 110° — 140°;
Conformer 2 = -110° — -150°. Both conformations of IPC 2b generate a new binding pocket for
borane 1 (surfaces represented in blue), and they both expose the same face (pro-R face) of the
carbene intermediate tot the empty volume generated. b) Dihedral angle values for 2N(Porph)-Fe-
C(carbene)-C(CFs3) explored during each independent MD replica (replica 1, blue; replica 2, green;
replica 3, yellow). ¢) Root-mean square fluctuation (RMSF) measured for each individual Ca
during each independent MD replicas (replica 1, blue; replica 2, green; replica 3, yellow). RMSF
values indicate a large flexibility of the residues on the loop, even when the carbene intermediate is
formed, as observed in the BOR-CF3 apo state.
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Figure S5. Key interactions of V75S in IPC 2b intermediate bound into BOR-CFs. H-bond
interaction between V75S side chain and Y71 backbone, and between Y71 side chain and heme
carboxyl group (centroid between the two O atoms) along 3 independent 500 ns MD trajectories: a)
replica 1, blue; b) replica 2, green; c) replica 3, yellow. Both H-bond interactions are maintained
during most of the time along the trajectories.
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Figure S6. Conformational analysis of IPC 9b intermediate bound into BOR-CFs. a)
Conformations explored by IPC 9b when formed into BOR-CF; as function of the defined
2N(Porph)-Fe-C(carbene)-C(CFs3) dihedral angle, as described in the figure, for three independent
500 ns MD trajectories (replica 1, blue; replica 2, green; replica 3, yellow). 3 main conformations
are explored by 9b IPC, corresponding to dihedral angle values of: Conformer 1 = 90° — 100°;
Conformer 2 = 150° — 180° / -150° — -180° Conformer 3 =~ -90° — -100°. b) Representative
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snapshots for the three main conformers explored by 9b IPC during MD simulations. c¢) Overlay of
representative snapshots shown in b) (left), and a set of randomly selected snapshots (right) from
replica 3 MD trajectory (1 snapshot every 30 ns). As opposite to 2b IPC (Figure S4), a
conformation with £N-Fe-C-C(CF3) dihedral angle around 90° — 100° (Conformer 1) seems to be
preferred by 9b IPC. In this conformation, CF3; group is no longer pointing to V75S position. On the
contrary, it is occupying the position where borane 1 was proposed to bind in, presumably
hampering the interaction between the borane and the carbene C center. Conformer 2, with 2N-Fe-
C-C(CF3) = 150° — 180° / -150° — -180°, encompasses equivalent conformations characterized for
IPC 2b (Figure S4), although they are poorly visited along the three independent replicas. Finally,
in Conformer 3 («N-Fe-C-C(CF3) = -90° — -100°) benzyl R group occupies the proposed binding
site for borane 1, totally blocking its possible binding. This larger conformational flexibility
observed for IPC 9b, in contrast to the fixed conformation kept by phenylethyl R group in IPC 2b
(Figure S4) during MD simulations, is mainly due to the reduced chain length that is not locked in a
single conformation when IPC 9b is formed, and allows it to mainly explore catalytically
unproductive conformations (conformers 1 and 3). Based on these results, the low activity exhibited
by diazo 9 might be attributed to these catalytically unfavorable preferred conformations of IPC 9b.
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Figure S7. DFT modeling of the B-H carbene insertion TS (TS-CB). DFT optimized transition
state (TS) structures for B-H carbene insertion using a truncated model system and considering
different electronic states. Key distances, angles and dihedrals are given in angstrom (A) and
degrees (°), respectively. AAE* and AAG* values (quasi-harmonic corrected), given in kcal-mol ™,
are obtained at (U)B3LYP-D3(BJ)/Def2TZVP/PCM(diethyl ether)//(U)B3LYP/6-
31G(d)+SDD(Fe)/PCM(diethyl ether) level. Calculations suggest that singlet open-shell (1-OS) and
singlet closed-shell (1-CS) TSs are intrinsically almost isoenergetic, and share very similar
structural parameters. Optimized triplet TS is much higher in energy (ca. 10 kcal-mol?). DFT
optimized TS structures correspond all to early-TSs, as compared to the previously reported late-TS
for CuCl-catalyzed B—H carbene insertions (J. Am. Chem Soc. 2017, 139, 3784-3789).
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Figure S8. DFT modeling of the carbene forming TS (TS-carbene). DFT optimized transition
state (TS) structures for carbene formation from diazo 2b using a truncated model system and
considering different electronic states. Key distances, angles and dihedrals are given in angstrom
(A) and degrees (°), respectively. AAE! and AAG? values (quasi-harmonic corrected), given in
kcal-mol?, are obtained at (U)B3LYP-D3(BJ)/Def2TZVP/PCM(diethyl ether)//(U)B3LYP/6-
31G(d)+SDD(Fe)/PCM(diethyl ether) level. Calculations indicate that singlet closed-shell (1-CS)
and singlet open-shell (1-OS) structures are intrinsically almost isoenergetic, while triplet TS is only
1 kcal-mol™ higher in energy. Structurally, 1-OS and triplet optimized TSs are very similar.
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Figure S9. DFT modeling of the 2b iron porphyrin carbene (IPC) intermediate. DFT optimized
structures for 2b IPC using a truncated model system and considering different electronic states.
Key distances, angles and dihedrals are given in angstrom (A) and degrees (°), respectively. AAE?
and AAG* values (quasi-harmonic corrected), given in kcal-mol?, are obtained at (U)B3LYP-
D3(BJ)/Def2TzVP/PCM(diethyl ether)//(U)B3LYP/6-31G(d)+SDD(Fe)/PCM(diethyl ether) level.
Calculations indicate that singlet open-shell (1-OS) is >3 kcal-mol™? more stable than the singlet
closed-shell (1-CS) and >8 kcal-mol? than triplet. Structurally, the three optimized structures are
very similar, with Fe—C bond lengths increasing from 1-CS < 1-OS < Triplet.

36



8.4 Energies of all DFT optimized structures

Electronic energies (E), zero point energy (ZPE), free energy (G(T)), quasiharmonic
corrected free energy (qh-G(T)), and electronic energy from high level single point
calculation (E Single point) of all stationary points (in a.u.).

Structure E@u |ZPE(@u) | G(T)(au) | gh-6(T)@u) | E Si”gfj)POi”t
TS-CB (1-CS) | -2085.673518 | 0.568053 | -2085.175561 | -2085.167683 | -3226.489299
TS-CB (1-OS) | -2085.673640 | 0.567428 | -2085.176110 | -2085.168396 | -3226.489539

TS-CB (Triplet) | -2085.654096 | 0.565114 | -2085.163395 | -2085.153427 | -3226.468817
TS-carbene (1-CS) | -2134.016786 | 0.525530 | -2133.559733 | -2133.551810 | -3274.849364
TS-carbene (1-OS) | -2134.018972 | 0.525449 | -2133.562170 | -2133.553877 | -3274.848642

T(ST‘“;"I";E?;‘G -2134.016453 | 0.525253 | -2133.560957 | -2133.552965 | -3274.845807
IPC 2b (1-CS) | -2024.541500 | 0.518244 | -2024.090433 | -2024.081742 | -3165.318420
IPC 2b (1-0S) | -2024.548166 | 0.517815 | -2024.097346 | -2024.088967 | -3165.323247
IPC 2b (Triplet) | -2024.533122 | 0.517046 | -2024.085063 | -2024.075933 | -3165.308332
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8.5 Cartesian coordinates of DFT optimized structures (in xyz format)
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3.76883
1.74092
1.07764
1.83130
1.02759
2.24694
2.10239
0.56923
1.91080
2.82331
-1.05283
-0.84925
-0.45861
-0.50767
0.42192
-1.58526
0.62549
-0.69834
1.42829
-1.27703
-0.32948
0.83469
-1.26770
2.11952
2.15322
2.24434
2.91504
-2.70044
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-6.
-4.
.62069
-0.
-0.
-1.
-2.
-0.
-1.
.27704

09586
48955

69205
90406
87017
70860
06659
70217

(1-08)

.95761
.11279
.06734
.10262
.04490
.68632
.32387
.69217
.20492
.52051
.49262
.59011
.67887
.60186
.88196
.98904
.80508
.27860
.75870
.32694
.49834
.98071
.26177
.75887
.10879
.72066
.42566
.81431
.89817
.31299
.15410
.40222
.07967
.71877
.52531
.85191
.19244
17737
.97549
.96245
.86700
.43650
.95936
.98399
.53280
.90137
. 62819
.53008
.89941
.94486
.82754

0.71899 -3.09792
1.45770 -2.85616
-0.28184 -3.20995
0.20796 -2.49182
-2.56147 -1.31869
-1.68467 0.43298
-1.40152 -1.53889
-0.47902 -3.08039
0.17936 -2.90606
1.20715 -2.61363

0.06387 -0.02251
-1.85044 0.65734
0.59757 1.71371
-0.43429 -1.62755
2.01201 -0.57689
-2.91220 0.00703
1.85950 2.08014
-2.330098 1.87018
-0.21230 2.78735
-1.69241 -1.98216
3.07923 0.08408
0.41524 -2.58770
2.53266 -1.67665
-4.10638 0.82152
1.84485 3.41552
-3.74340 1.98213
0.55725 3.85628
-1.63845 -3.21495
4.30790 -0.63484
-0.32926 -3.58719
3.96882 -1.72661
-5.07957 0.53344
2.71558 3.93650
-4.35734 2.84456
0.15223 4.81424
-2.49667 -3.70648
5.29065 -0.32376
0.10931 -4.44959
4.61540 -2.49843
-2.85079 -1.23595
3.01166 1.31494
1.79525 -2.61207
-1.57384 2.86438
-3.77664 -1.63453
3.94336 1.73254
2.34295 -3.43581
-2.08651 3.78319
1.47870 1.72817
-0.41367 1.06046
0.17365 1.80771
0.40856 1.01715
1.37939 2.22622
-0.14264 2.07260
-1.36515 0.55232
2.32626 1.90170
2.06912 2.79937
-0.24910 -1.04529
-1.45945 -0.82936
0.80745 -0.47699
1.56438 -0.51676
2.32814 0.41333



H -2.91787 2.11336

C -5.87814 -0.56320
C -6.16433 -0.47460
H -6.39843 -1.05594
H -6.98367 -0.87455
C -4.25606 0.67475

N -4.71192 0.15072

N -5.16526 0.29155

C -4.02573 0.26340

H -3.18655 -0.43331
H -3.64429 1.27673

H -4.73697 0.03567

C -5.07287 0.54781

H -6.07771 0.69536

H -4.47499 1.44244

H -4.59824 -0.30061
C -0.70244 0.17217

F -0.90823 -2.57797
F -1.86972 -1.68841
F -2.71789 -1.42739
H -0.08451 -0.52891
H -1.71358 0.14589

H -0.28220 1.16687

TS-CB (Triplet)

Fe -0.98043 0.01898
N -0.92932 -1.51476
N -0.22314 1.26519

N -1.98983 -1.15963
N -1.34867 1.63576

C -1.37750 -2.79931
C -0.00615 2.61560

C -0.42628 -1.47857
C 0.19118 0.91787

C -2.28706 -2.49348
C -0.96872 2.93611

C -2.52886 -0.77902
C -1.96909 1.63197

C -1.14051 -3.59679
C 0.57912 3.13349

C -0.55067 -2.77598
C 0.69837 2.07881

C -3.00112 -2.97596
C -1.35623 3.77416

C -3.15267 -1.91179
C -1.97986 2.96443

H -1.40489 -4.64206
H 0.84288 4.17075

H -0.23087 -3.01091
H 1.07871 2.07064

H -3.34751 -3.99353
H -1.17235 4.83953

H -3.64835 -1.87470
H -2.41193 3.23033

C -1.99712 -3.26578
C -0.33659 3.39589

C -2.51685 0.51022

C 0.10498 -0.35766
H -2.30080 -4.30839
H -0.10082 4.45493

H -2.98442 0.65635

H 0.46185 -0.48508
C -3.99242 1.58075

C -3.92295 -0.18111
C -5.09530 0.45689

N -3.24342 0.52730

-1.59483
0.63213
-0.69278
1.43823
-1.26903

-0.33126

0.83695

-1.26729

2.12198
2.16011

2.24233

2.91777

-2.70194

-3.10321

-2.86397
-3.20279

-2.49594
-1.29039
0.45709
-1.51419
-3.07491

-2.90883

-2.63594

0.07349
-1.24251
-1.34127
1.36978
1.25454
-1.04674
-1.23058
-2.52029
-2.60012
1.22692
1.02372
2.57492
2.47920
-2.22569
-2.44849
-3.14114
-3.30157
2.38782
2.13427
3.22334
3.03742
-2.32786
-2.61425
-4.14906
-4.31591
2.51977
2.19822
4.18570
3.99447
0.10799
-0.12791
3.09800
-3.15115
0.12687
-0.17726
4.06757
-4.16937
-0.68707
-1.92365
-2.24092
-0.95416
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TS-carbene

Fe
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-1.

-2

0.
-0.
-1.
-2.

-2

-3.
0.
-1.

1

0.
-1.
-3.
-2.
-4.

1.
-0.

1

0.
-1.
-4.
-3.

-4

1.
-0.
2.

1

-0.
-2.

.12478 1.
.88727 0.
.52153 -1
.75853 2.
.85443 2.
.87061 -0
.71209 -1
.17114 0.
.21860 1.
.01913 2.
.32604 1.
.92598 -0
.32854 -0
.34514 -0
.16834 -1
.46893 0
.79142 0
.43064 0
.99478 1
.13999 0
.62800 2
.62410 1
.46905 -0
.50024 -0
.10152 0.
.83896 -0.
.84465 -0.
.07014 -2.
.05963 -1.
.89930 -1
.20441 -1
.83935 -0.
.43628 0.
(1-Cs)
-0.88070 0
49500 -1
.35211 -0
43472 0.
40710 1.
01865 -1
72572 0.
.48384 -2
23470 -1
62550 0.
03848 2.
.24704 1.
54251 2.
71025 -2
85048 -0
61929 -3
16339 -1
60085 0.
44240 3.
.98714 1.
54321 3.
51780 -3
32859 0.
32899 -4
.95409 -2
92759 0.
75560 4.
68997 2.
.20222 4.
03188 -0
11588 1.
.32710 2.

1

58154
22651
.09933
35361
28021
.36656
.51662
82451
55219
55237
77493
.21481
.52328
.46987
.09972

.74696
.56728
.07808
.05417
.39482
.05539
.07874

.08523
.27234
82308

92746
37043
71184
40935
.67941
.18673
52573
56492

.17471
.35564
.29713
77518
81700
.65695
43234
.26909
.34733
19225
24883
87955
76746
.81138
.19532
.19287
.30303
94175
48253
99033
80130
.25173
17908
.01026
.02283
69148
02414
78108
66096
.94693
61030
79027

-1.44146
-2.93694
-2.32671
0.03007
-1.41915
1.04070
0.53697
0.81654
0.96659
0.30666
2.15385
-1.03194
0.22781
-1.99241
0.58232
0.40094
-0.90804
1.09359
-2.03065
-2.19421
-1.80628
-2.92233
2.54376
2.84928
3.01872
2.84214
2.55214
0.67063
-0.77116
1.20497
2.91374
2.98231
2.93845

0.06929
1.25637
-1.25507
1.49570
-1.03182
2.50653
-2.35630
0.99635
-1.17886
2.72299
-2.17194
1.46578
-0.74167
3.04291
-3.01695
2.10414
-2.28834
3.48667
-2.63976
2.70600
-1.75554
4.01372
-3.91396
2.14493
-2.46205
4.48857
-3.52399
2.93938
-1.76173
3.18594
-2.78688
0.41105
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TS-carbene

Fe
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-2
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-2
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-3
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-1.

-2

0.
-0.
-1.
-2.

-2
-3

0.
-0.

1

0.
-1.
-3.
-2.
-4.

1.
-0.

1

0.
-1.
-4.
-3.
-4.

1.
-0.

.28681 -2
.23388 -1
.51806 2.
.02528 3.
.04176 -3
.53446 1
.18485 2
.34227 3
.31470 1
.19043 2
.63256 4
.27300 3
.96793 0
.13387 1.
.59599 -0
.54877 -2
.07165 -0
.74958 -2
.61557 -3
.51614 -3
.53456 -0.
.08027 0.
.23490 -0.
.02229 -0.
.99082 -1
.62303 -0.
.97681 -2.
.41765 -0.
.92138 0.
.26307 -1
.23248 1.
.28101 1.
.57295 -0
.89046 -2
.06258 0.
.60617 1.
.21273 -1
.08319 0.
(1-08)
-0.89403 0
57170 -1
.33064 -0
38992 0.
37320 1.
12265 -1
63463 0.
.56796 -2
.22205 -1
54824 0.
95231 2.
.22660 1.
58659 2.
84292 -2
72514 -0
73993 -3
08553 -1
51904 0.
32321 3.
.94052 1.
63537 3.
67465 -3
14754 0.
46261 -3
86872 -1
82323 0.
59440 4.

.27901
.29893
07510
61562
.05739

.00300
.69158
.11017
.37522
.02233
.05184
.24072
.02960

98490
.96335
.50136
.48832
.94246
.00706
.08728
81688
60140
82050
32760
.01185
66620
10424
54757
59574
.25537
02222
14843
.83239
.15031
31069
90908
.39783
64039

.16922
.35045
.27169
74289
81471
.67136
45150
.24996
.32043
13523
24531
83258
75090
.81414
.17092
.17426
.27298
85329
46566
90770
77619
.26428
20297
.98027
.98973
57781
00099

-0.14361
4.17907
-3.68281
0.51962
-0.21330
.42172
.46882
.06939
.06854
.03002
.50845
.29807
.25631
.38898
-0.83473
-0.81020
-0.89961
0.44537
-1.25597
-1.58072
-1.83643
-0.89297
-2.52517
-3.49711
0.23907
1.20674
0.25535
0.01612
0.65077
-0.85199
0.42366
1.33330
-1.08316
-1.34665
-0.44521
0.92944
-1.75594
-0.62072

NP RN RN PR

0.04807
1.20441
-1.29447
1.50276
-1.00364
2.46094
-2.42175
0.91790
-1.26621
2.72480
-2.17170
1.50739
-0.69033
2.97225
-3.13506
2.01282
-2.42129
3.51458
-2.62122
2.75857
-1.70576
3.94258
-4.05923
2.03105
-2.63376
4.51653
-3.52244
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N

.65575
.31199
.13702
.00585
.34478
.33578
.10573
.36195
.05705
.09366
.19104
.66663
.27456
.36664
.32056
.26777
.06892
.28447
.43820
.58199
.51236
.05469
.73080
.65763
.47124
.53307
.06858
.17416
.63046
.96740
.60222
.95430
.39831
.92379
.23050
.23798
.29715
.54318
.84331
.05275
.62600
.17000
.07567
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2.
4.
-0
1.
2.
-2
-1
2.
3.
-3
2.
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-0.

0.

-0.
-0.

-1

-0.
-2.
-0.

0.
-1
0.
1.
-0
-2
0.
1.
-1
0.

67919
62136
.99234
62154
76052
.25161
.36063
08274
56934
.02215
64683

.06294
.12578
.39861
.12273
.26203
.08858
.22193
.04788

.98051
.49279
.50644
.89179
.03717
.12833
81145
58393

89389
13840
.02194
68129
11474
56250
54215

.23559
96520

06897

.81683
.10059
28807

82228

.35584
61442

TS-carbene (Triplet)

Fe -0.90124

-1.56113
-2.31160
0.35647
-0.39423
-1.08596
-2.56706
-2.59867
-3.23597
0.57203
-0.89592
1.13346
0.50747
-1.83049
-3.66098
-2.77373
-4.07809
1.52163
-0.27116
1.86425
0.59758

a0 azzz =z

0
-1
0.
0.
1.
-2
0.
-2
-0
-0
2.
1.
2.
-3
0.
-3
-0
-0
3.
1.
4.

.13843
.60537
06010
31444
98265
.27063
98881
.36467
.93916
.59000
66179
40798
83221
.48783
54910
.54295
.64596
.06032
95773
18344
06500

3.01521
-1.69531
3.16688
-2.83097
0.47469
-0.24220
4.15912
-3.74695
0.60496
-0.34401
.45077
.37214
.98338
.04421
.02449
.38143
.14642
.34939
.41397
-0.92662
-0.76331
-0.87493
0.51467
-1.15316
-1.50990
-1.81384
-0.87490
-2.52019
-3.27488
0.26636
1.23757
0.28428
0.05634
0.74028
-0.85218
0.52318
1.45543
-1.07441
-1.38707
-0.38643
1.06845
-1.78045
-0.55520

S R R e

0.09291
0.86816
-1.35302
1.66410
-0.56139
1.97433
-2.33435
0.38703
-1.52875
2.67752
-1.64625
1.95768
0.03260
2.18373
-3.16677
1.20225
-2.66545
3.62480
-1.75756
3.18234
-0.71440
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.64906
.05059
.52539
.88231
.86183
.48855
.54181
.24324
.07623
.90541
.21472
.38128
.19498
.21111
.88394
.16842
.68542
.21919
.01831
.39156
.66376
.78341
.18133
.22373
.06297
.60266
.54270
.06106
.77894
.63414
.49176
.54006
.06049
.19902
71977
.99196
.62461
.99982
.41101
.89480
.27262
.19753
.24425
.57445
.91714
.04258
.55331
.22492
.05693

(1-Cs)

.80231
.30232
.11408
.69325
.11605
.43902
.35958
.09350
.72926
.29668
.10405
.81253
.18293
.35859
.36310
.75339

-4
1.
-4
-1
-0
4.
1.
4.
-1
2.
2.
-2
-2
2.
3.
-2

P ONWRREDNDDNO

| T R |
DD ONO

-0.

0.
-0
0.
-1
-0
-2
-0
0.
-0
0.
0.
-0
-1
0.
1.
-0
0.

0.
0.
1.
-1
-0
-0
2.
1.
2.
-1
0.
-2
-0
0.
3.
1.

.19058
10060
.30324
.28117
.57868
68098
89690
89491
.81363
20108
57409
.06082
.43551
84382
35091
.76199

.80377
.16810
.48825
.11576
.61024
.23691
.61557
.02051
.57006

.72937
.23273
.25839
.92812
.67691
.66697
31624
79991
.28576
58796
.02139
.93820
.08464
.49318
46843
.94844
96244
82615
.45774
.69941
50179
70487
.82787
88321

11630
53083
80607
.40163
.11157
.26536
21685
62989
73963
.93857
55305
.09561
.97115
34370
43955
52655

2.98719
-4.01305
1.03078

-3.

01496

4.51236
-2.53327
3.63470
-0.45613

2.81243
-2.48473
1.20169

-0.

72131

3.65994
-3.30416
1.55860

-0.
.58161
.98578
.04982
.32867
.05456
.18283
.00567
.16173
.98217
.11335
-1.
-0.
-0.
.80090
.20040
-1.

WWoONWENOIN

-1

-1
-2

98126

31254
94686
16832

93179

-0.68028

-2.

75300

-3.30018
0.03173
1.05686

-0.
-0.

22141
05821

0.83966

-1.

06855

0.73255
1.63386

-1.
-1.

18135
77136

-0.27939
1.44291

-1.

96992

-0.36279

-0.01421

1.63146

-0.88844
0.97734

-1.

52688

2.74137
-2.17398
1.84246
-0.34071

2.17659
-2.72605

0.59573

-1.

57412

3.67743
-2.45297
3.12628
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.02550
.17451
.18316
.12452
.86414
.63841
.33831
.42472
.66322
.07552
.39063
.96202
.74135
.27319
.25195
.53230
.27355
.06912
.35471
.40604
.93373
.83642
.01461
.89540
.36035
.76793
.58007
.80657
.53914
.27670
.50983
.34880
.86369
.61263
.22471
.94968
.04999
.24072
.97496
.95515
.67135
.37701
.86522
.21180
.15110
.23116
.49772
.85082
.97215
.51325
.13054
.97402

(1-08)

.83409
.28816
.13713
.69718
.12859
.43733
.37964
.07865
.70800
.28530
.11219
.80325
.18174

3.
-3
0.
-3
-0
-0
3.
2.
4.
-3
0.
-3
-1
-1
1.
-1
2.
-1
2.
-2

NONWNFEWNRFE W

| A R T |
N wNN O

-0.

0.

-0.
-1.
-2.
-1.
-0.

0.
-1
0.
0.
-0
-1
0.
1.
-0
0.

0.
0.
1.
-1
-0
-0
2.
1.
2.
-1
0.
-2
-1

77218
.02714
08150
.11292
.84955
.08105
96975
27060
62778
.62056
44474
.79650
.41656
.43969
60613
.87518
67677
.96438
04223
.49680

.48510
.31571
.48242
.03021
.41455
.27453
.86117
77932
.58161
.40635

.89490
.33778
.66601
.18287
.66850
46340
57575
52279
31295
35177
30615
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