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S1. Syntheses of compounds

General. 'H and BC spectra were recorded on a Varian Unity Inova 500 NMR
spectrometer. Chemical shifts (0) and coupling constants (J) are reported in parts per million
(ppm) and hertz (Hz), respectively. 'H NMR spectra are referenced to TMS
(tetramethylsilane in CDCl; and DMSO-dg) as an internal standard. 3C NMR spectra are
referenced to solvent (1*C: CDCls, 6 77.00 ppm; DMSO-ds, 0 39.50 ppm) as an internal
standard. High-resolution mass spectra (HRMS) were recorded on a JEOL JMS-700 mass
spectrometer using a chemical ionization (CI) technique. Thin-layer chromatography (TLC)
was performed on silica gel 60 F,s4 precoated plates (0.25 mm thickness, Merck, Darmstadt).
Flash chromatography was carried out on silica gel 60 (230—400 mesh, Merck). Reagent-
grade chemicals were purchased from Aldrich and TCI and used as received unless otherwise
specified. Compounds 0 (Ac-L-Ala-NHMe)®! and 3 (Ac-L-Ala(N;)-NHMe)S? were prepared

as reported previously.

Ac-L-Dap(Boc)-OMe (5).5> To a suspension of 4-HCI (H-Dap(Boc)-OMe-HCl, 3.00 g,
11.8 mmol, Bachem, Bubendorf) in CH,Cl, (50 mL) were added triethylamine (5.0 mL, 35.9
mmol) and acetic anhydride (5.5 mL, 58.3 mmol). After stirring at room temperature for 3 h,
the reaction mixture was quenched with H,O (100 mL) and extracted with CH,CI, (100 mL %
2). The combined organic layers were washed with brine (100 mL x 1), dried over MgSO,
and concentrated in vacuo. The residue was purified by flash chromatography
(MeOH/CH,Cl, = 1:100—1:10) to give 5 (2.98 g, 97%) as a colorless oil. TLC
(MeOH/CH,Cl, = 1:20) Ry = 0.34; '"H NMR (500 MHz, CDCl;) 6 6.73 (d, J = 4.0 Hz, 1H),
4.98 (t,J = 6.0 Hz, 1H), 4.60 (td, J= 6.0, 4.5 Hz, 1H), 3.76 (s, 3H), 3.56 (dt, /= 14.5, 7.1 Hz,
1H), 3.51 (dt, J = 14.5, 5.2 Hz, 1H), 2.04 (s, 3H), 1.44 (s, 9H); 13C NMR (125 MHz, CDCl;)
0 17091, 170.32, 156.65, 80.07, 53.71, 52.67, 42.10, 28.23, 23.05; HRMS (CI+) for
C11H21N,Os (MH™), caled 261.1450, found 261.1453.

Ac-L-Dap-OMae (6).5> To 5 (2.87 g, 11.0 mmol) was added trifluoroacetic acid (TFA, 15
mL). After stirring at room temperature for 1 h, the reaction mixture was concentrated in
vacuo. The residue was purified by flash chromatography (MeOH/CH,Cl, = 1:100—1:5) to
give 6-TFA (2.83 g, 94%) as a colorless oil. TLC (MeOH/CH,Cl, = 1:7 on a plate pretreated
with triethylamine) Ry = 0.40; 'H NMR (500 MHz, DMSO-dg) 6 8.52 (d, J = 8.5 Hz, 1H),
8.12 (brs, 2H), 4.55 (td, J = 8.5, 4.8 Hz, 1H), 3.66 (s, 3H), 3.23 (dd, J = 13.0, 5.0 Hz, 1H),
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3.06 (dd, J = 13.3, 9.3 Hz, 1H), 1.89 (s, 3H); 3C NMR (125 MHz, DMSO-ds) § 170.16,
169.69, 52.43, 49.93, 39.26, 22.48; HRMS (CI+) for C¢H;3N,05 (MHY), caled 161.0926,
found 161.0929.

Ac-L-Dap(CHO)-OMe (7).53 To a suspension of 6-TFA (2.0 g, 7.29 mmol) in THF (100
mL) were added sodium formate (520 mg, 7.65 mmol) and 2,2,2-trifluoroethyl formate
(TFEF, 2.13 mL, 21.9 mmol). After stirring at room temperature for 48 h, the reaction
mixture was concentrated in vacuo. The residue was purified by flash chromatography
(MeOH/CH,Cl, = 1:100—1:10) to give 7 (1.08 g, 79%) as a colorless oil. TLC
(MeOH/CH,Cl, = 1:10) R;=0.42; '"H NMR (500 MHz, CDC]l;) two rotamers at 25 °C (4.8:1),
major rotamer ¢ 8.19 (d, J = 1.0 Hz, 1H), 6.83 (d, J = 7.0 Hz, 1H), 6.57 (t, J = 5.5 Hz, 1H),
4.66 (dt, J = 7.0, 5.5 Hz, 1H), 3.78 (s, 3H), 3.70 (t, J = 6.0 Hz, 2H), 2.05 (s, 3H), minor
rotamer ¢ 7.93 (d, J=11.0 Hz, 1H), 7.06 (d, J= 7.5 Hz, 1H), 6.87 (dt, J=11.8, 5.8 Hz, 1H),
4.75 (dt, J=17.3, 3.8 Hz, 1H), 3.82 (s, 3H), 3.69 (dt, /= 13.3, 3.8 Hz, 1H), 3.64 (dt, J = 13.3,
4.6 Hz, 1H), 2.08 (s, 3H); 3C NMR (125 MHz, CDCl;) major rotamer ¢ 170.85, 170.58,
162.21, 52.96, 52.87, 40.18, 23.01, minor rotamer ¢ 170.55, 170.40, 165.36, 53.07, 53.03,
43.39, 22.84; HRMS (CI+) for C;H13N,04 (MH™), calcd 189.0875, found 189.0873.

Ac-L-Ala(NC)-OMe (8).5* To a solution of 7 (973 mg, 5.17 mmol) in dry CH,Cl, (50 mL)
was added triethylamine (3.6 mL, 25.8 mmol) under Ar. The resulting mixture was cooled to
—30 °C and a solution of phosphorus(V) oxychloride (0.72 mL, 7.72 mmol) in dry CH,Cl,
(10 mL) was added dropwise over 30 min with stirring. After stirring at =30 °C for 2 h, the
reaction mixture was quenched with cold saturated aqueous NaHCO; (100 mL), warmed to
room temperature and extracted with CH,Cl, (100 mL x 2). The combined organic layers
were washed with brine (100 mL x 1), dried over Na,SO,4 and concentrated in vacuo. The
residue was purified by flash chromatography (MeOH/CH,Cl, = 1:100—1:50) to give 8 (448
mg, 51%) as a white solid. TLC (MeOH/CH,Cl, = 1:20) Ry = 0.39; 'H NMR (500 MHz,
CDCl) 6 6.57 (d, J=4.5 Hz, 1H), 4.75 (dt, /= 6.0, 3.0 Hz, 1H), 3.94 (dd, J = 15.3, 3.8 Hz,
1H), 3.89 (dd, J = 15.5, 3.5 Hz, 1H), 3.87 (s, 3H), 2.11 (s, 3H); *C NMR (125 MHz, CDCl;)
0 170.17, 168.67, 159.53 (t, J = 3.8 Hz), 53.42, 51.49, 43.52 (t, J = 6.2 Hz), 22.94; HRMS
(CI+) for C;H11N,O3 (MH™), caled 171.0770, found 171.0768.

Ac-L-Ala(NC)-NHMe (1).5° To 8 (301 mg, 1.77 mmol) was added methylamine solution
(40% in MeOH, 2.8 mL, 36.1 mmol). After stirring at room temperature for 4 h, the reaction
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mixture was concentrated in vacuo. The residue was purified by flash chromatography
(MeOH/CH,Cl, = 1:100—1:10) to give 1 (213 mg, 71%) as a white solid. TLC
(MeOH/CH,Cl, = 1:10) R;= 0.48; "H NMR (500 MHz, DMSO-d;) ¢ 8.36 (d, J= 8.5 Hz, 1H),
8.08 (q, J=4.5 Hz, 1H), 4.54 (td, J= 7.7, 5.8 Hz, 1H), 3.75 (dd, J = 14.8, 5.3 Hz, 1H), 3.65
(dd, J = 15.0, 7.5 Hz, 1H), 2.61 (d, J = 4.5 Hz, 3H), 1.90 (s, 3H); '3C NMR (125 MHz,
DMSO-dg) 6 169.68, 168.21, 157.44 (t,J = 3.9 Hz), 51.38, 42.84 (t,J = 5.8 Hz), 25.69, 22.50;
HRMS (CI+) for C;H,N50, (MH"), caled 170.0930, found 170.0928.

Boc-L-Ala(CN)-OMe (10).56 To a solution of 9 (Boc-B-cyano-Ala-OH, 3.00 g, 14.0
mmol, Bachem, Bubendorf) in DMF (20 mL) was added potassium carbonate (1.93 g, 14.0
mmol) and then slowly iodomethane (3.5 mL, 56.2 mmol) at 0 °C. After stirring at room
temperature for 12 h, the reaction mixture was quenched with H,O (200 mL) and extracted
with EtOAc (200 mL x 2). The combined organic layers were washed with saturated aqueous
NaHCOj; (200 mL x 1) and brine (200 mL % 1), dried over MgSO, and concentrated in vacuo.
The residue was purified by flash chromatography (EtOAc/n-hexane = 1:5—1:2) to give 10
(2.68 g, 84%) as a white solid. TLC (EtOAc/n-hexane = 1:2) Ry = 0.46; 'H NMR (500 MHz,
CDCl) 6 5.47 (d, J=5.0 Hz, 1H), 4.53 (dt, J = 6.0, 5.0 Hz, 1H), 3.85 (s, 3H), 3.01 (dd, J =
17.0, 5.0 Hz, 1H), 2.93 (dd, J=17.0, 4.5 Hz, 1H), 1.46 (s, 9H); '*C NMR (125 MHz, CDCl3)
0 169.36, 154.77, 116.12, 81.02, 53.34, 50.26, 28.19, 21.87; HRMS (CI+) for C;oH;7N,O4
(MHY"), caled 229.1188, found 229.1192.

H-L-Ala(CN)-OMe (11).57 To 10 (2.50 g, 11.0 mmol) was added hydrogen chloride
solution (4.0 M in 1,4-dioxane, 30 mL, 120 mmol). After stirring at room temperature for 1 h,
the reaction mixture was concentrated in vacuo. The residue was purified by flash
chromatography (MeOH/CH,Cl, = 1:100—1:10) to give 11-HCI (1.66 g, 92%) as a colorless
oil. TLC (MeOH/CH,Cl, = 1:20) R;= 0.52; 'H NMR (500 MHz, CDCls) ¢ 3.81 (dd, J = 7.0,
5.5 Hz, 1H), 3.80 (s, 3H), 2.81 (dd, J = 16.8, 4.8 Hz, 1H), 2.72 (dd, J = 17.0, 7.0 Hz, 1H),
1.81 (brs, 2H); *C NMR (125 MHz, CDCls) 6 172.50, 116.82, 52.84, 51.17, 23.79; HRMS
(CI+) for CsHygN,O, (MH"), calcd 129.0664, found 129.0662.

Ac-L-Ala(CN)-OMe (12).5? To a suspension of 11-HCI (1.29 g, 7.84 mmol) in CH,Cl,
(50 mL) were added triethylamine (3.3 mL, 23.7 mmol) and acetic anhydride (3.7 mL, 39.2
mmol). After stirring at room temperature for 2 h, the reaction mixture was quenched with

H,0 (100 mL) and extracted with CH,Cl, (100 mL x 2). The combined organic layers were
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washed with brine (100 mL x 1), dried over MgSO, and concentrated in vacuo. The residue
was purified by flash chromatography (MeOH/CH,Cl, = 1:100—1:20) to give 12 (626 mg,
47%) as a white solid. TLC (MeOH/CH,Cl, = 1:20) R;= 0.52; 'TH NMR (500 MHz, CDCl;) ¢
6.66 (d, J=5.5 Hz, 1H), 4.77 (dt, J = 6.8, 5.1 Hz, 1H), 3.86 (s, 3H), 3.08 (dd, /= 17.0, 5.5
Hz, 1H), 2.96 (dd, /= 16.8, 4.8 Hz, 1H), 2.09 (s, 3H); 3C NMR (125 MHz, CDCls) ¢ 170.27,
169.28, 116.12, 53.43, 49.00, 22.88, 21.26; HRMS (CI+) for C;H;;N,O; (MH"), calcd
171.0770, found 171.0769.

Ac-L-Ala(CN)-NHMe (2).5° To 12 (379 mg, 2.23 mmol) was added methylamine
solution (40% in MeOH, 3.5 mL, 45.1 mmol). After stirring at room temperature for 1 h, the
reaction mixture was concentrated in vacuo. The residue was purified by flash
chromatography (MeOH/CH,Cl, = 1:100—1:10) to give 2 (329 mg, 87%) as a white solid.
TLC (MeOH/CH,Cl, = 1:20) R;= 0.28; 'H NMR (500 MHz, CDCl;) ¢ 6.87 (d, J = 8.5 Hz,
1H), 6.85 (brs, 1H), 4.84 (dt, J = 8.0, 6.5 Hz, 1H), 2.91 (dd, J=17.0, 6.5 Hz, 1H), 2.85 (d, J
= 5.0 Hz, 3H), 2.81 (dd, /= 17.0, 6.5 Hz, 1H), 2.08 (s, 3H); 13C NMR (125 MHz, CDCl;) §
170.77, 168.94, 116.81, 49.24, 26.48, 23.02, 21.12; HRMS (CI+) for C;H,N;0, (MH"),
caled 170.0930, found 170.0930.

S5



S2. Wobbling-in-a-cone model3%5°

To extract detailed information on restricted orientational motion from biexponential
anisotropy decay, the experimentally measured orientational relaxation lifetimes are analysed
by a wobbling-in-a-cone model. The long time component is associated with full
orientational randomization, whereas the short time component results from restricted
wobbling motion, with the transition dipoles undergoing orientational diffusion within a cone

of semiangle .. The anisotropy decay within the wobbling-in-a-cone model is given as
r(t)= 0.4[Q2 + (1 -0’ )exp (—t/z, )} exp(—t/17,) (S1)

where 0? (0 < 0% < 1) is the generalized order parameter describing the degree of restriction
on the orientational diffusion, and z,, and 7; are time constant for the restricted (fast) and
complete relaxation, respectively. The 7, time constant is determined from the experimentally

measured orientational relaxation lifetimes as

—1

N (R (S2)

Note that for Q% = 1, the equation simplifies to a single exponential decay with long time
component 7;, whereas for Q% = 0 the orientational motion is fully restricted, and complete
randomization occurs mostly due to the wobbling motion since 7; > 7. The parameter 0 is

related to the cone semiangle by the following formula:
0* =[0.5cos 6, (1+cosé, )]2 (S3)

The wobbling-in-a-cone diffusion constant can be then calculated by

b x2(l+x,) {ln[(l+xw)/2]+(l_xw)/2}+

! 7, (1-07 ) 2(x, -1)]

1-x, )(6+8x, —x2 —12x] —7x}
(1= )( )

(84)

24z, (1-0%)
where x, =cosd,. The diffusion constant of slow, complete orientational randomization can
be calculated by
p=-"! (s5)
' o6r
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Table S1 Vibrational properties of the NC stretching mode of 1 in various solvents”

Solvent w; (cm™!) FWHM? (cm™) ; (cm™!) FWHM? (cm™)
DMF 2148.4 10.7 — —

THF 2148.7 9.6 — —

MeOH 2150.2 10.3 2172.7 18.5

MeOAc 2151.0 10.0 — —

CHCl; — — 2154.0 17.4

D,O — — 2169.5 24.1
CF;CH,0H 2152.6 14.6 2183.8 22.0

¢ Fitting parameters obtained from Fig. 2. ? Full width at half-maximum

Table S2 Amide I band properties of 0—3 in D,0¢

0 1 2 3
) 1635.8 1650.0 1651.3 1642.7
FWHM? (cm™) 37.7 39.2 425 39.7

¢ Fitting parameter obtained from Fig. 3a. ® Full width at half-maximum.

Table S3 Wobbling-in-a-cone model analysis results for the biexponential anisotropy decay
of 1 in D,O¢

0 0 (°) 7w (PS) 71 (ps) Dy (ps) D! (ps)
0.53 36.5 0.55 10.3 53 61.8

@ See eqn (S1)—(S5) in Section S1 of the ESL.{
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Fig. S1 Kamlet-Taft plot for 1. The frequency and full width at half-maximum (FWHM) of
the NC stretching mode are plotted against the Kamlet-Taft solvent parameter a5 for H-
bond donor strength.
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Fig. S2  Factor analyses of the azido (N;) FTIR spectra of 3 in DMF (a) and D,O (b). The
azido FTIR spectra, which are taken from Fig. 3d, can be fitted to two Voigt functions.
Asymmetry in the high frequency region is observed regardless of the solvent used.
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Fig. S3  Isotropic IR pump—probe spectra of 1 in D,O at short (0.5 ps) and long (70 ps)

delay times.
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Fig. S4 Time- and frequency-resolved isotropic IR pump—probe signals at the delay time ¢
for 1 in D,O (upper) and DMF (lower) before (left) and after (right) subtraction of the heat

contribution. Fig. S4b and d were used to obtain Fig. 5.
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